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HIGH-RESOLUTION FLYING-SPOT SCANNER FOR 
GRAPHIC ARTS COLOR APPLICATIONS 

By 

L. Shapiro and H. E. Haynes 

KCA Commercial Klectrnnie Products, 
Camden, N. J. 

Summary — There is described a high-resolution, slow-sjwed scanning 
and reproducing system developed to serve as input and output devices 
for an electronic computer which provides color correction in the production 
of half-tone plates for color printing. In addition to its extremely high 
resolving power, this system is notable for low image distortion, extreme 
time stability both geometrically and scnsitometrically, uniformity of 
characteristics in different parts of the field, and precise control of tone 
rendition. Employing a special 10-inch kinescope, the scanner portion 
derives input information for the computer by simultaneously scanning 
three precisely registered color separation plates, requiring 12 minutes for 
a frame scan. Four images representing the required printing ink tone 
values (cyan, magenta, yeUotv, and black) are sequentially recorded photo- 
graphically from a second identical kinescope. Over-all performance is 
such that on full-page pictures, prevailing requirements in high-quality 
magazine printing applications are satisfied. 

This paper deals with the scanner and recorder, and includes a descrip- 
tion of the equipment and some of the development problems encountered. 
The system as a whole, and particularly the compute); has been reported 
elsewhere,' 1 -- 

Introduction 



^ IT E flying-spot scanner herein described was developed as part 
of a color correction project for the graphic arts. 1 ' 4 This activity 
** involved the development of a system for the production of very- 
high-quality scanned color-corrected pictures. An abbreviated block 
diagram is shown in Figure 1 in which incoming information from a 
set of color separations is sensed by an optical system while computed 
color-corrected information is recorded in a camera. With a scanning 
speed of one frame in 12 minutes, three or four such consecutive frames 
are recorded as required to obtain the various necessary corrected ink 
pictures (cyan, magenta, yellow, and, where a four color process is 



1 L. Shapiro, "RCA Color Corrector for the Graphic Arts," presented 
at the Annual Conference of the Professional Group on Industrial Electronics 
of the Institute of Radio Engineers. Pittsburgh, Pa., September 30, 1954. 

- H. E. Rose, "Electronic Computer for Color Printing," Communica- 
tions and Electronics, May, 1955. 

3 J. S. Rydz and V, L. Marquart, "Applications of the Neugebauer 
Equations to Electronic Color Correction," Proceedings of the Technical 
Association of the Graphic Arts, 1955. 
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used, black). These pictures are subsequently processed for production 
of final printing plates. A picture of the prototype color corrector is 
shown in Figure 2. 

The above equipment required the development of a flying-spot 
scanner with the resolution and precision of high-quality graphic arts 
copy. This objective was substantially achieved. 

The scanning system was designed for the simultaneous scanning, 
in register, of three color separations on glass plates. Desired resolu- 
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Fig. 1 — Scanner-recorder block diagram. 



tion was such that the structured image (halftone) process was 
to remain the limiting factor, this commonly being about 120 lines per 
inch. With the development of present photocomposing techniques 
involving the preparation, simultaneously, of several pictures on a 
single printing plate, as well as the very substantial market for large 
copy with intricate detail (calendars and maps), the upper limit of 
usable resolution rapidly reached the most optimistic "state-of-the-art" 
limitations. In addition, other exacting requirements of the industry 
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had to be met; smoothness and freedom from blemishes had to be 
achieved, and over-all geometric distortion produced by the entire 
scanning and reproducing system had to be very small. Quantitative 
values for these specifications are discussed below. 

Referring again to Figure 1, the raster developed by the 10-inch 
flying-spot kinescope is imaged in registration by three matched sym- 
metrical lGV^-inch Goerz-Artar apochromat lenses on three separations. 
Transmitted light in each channel is collected by a condenser lens and 
integrating inhere and applied to the photosensitive surface of its 




Fig. 2 — Color corrector. 



associated photomultiplier. Stabilization of scanning-spot intensity 
is achieved by means of a monitor photocell head and associated cir- 
cuitry. The spot check telescope is for the purpose of viewing manual 
positioning of the scanning spot to specified picture areas for static 
studies. Two registration microscopes permit close adjustment of 
registration. 

The lenses, which operate at unity magnification for the cancella- 
tion of geometrical distortion, represent, in accordance with our tests, 
the highest quality of available lenses for the over-all application. At 
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the same time, aside from the scanning process itself, they represent 
the greatest point of signal deterioration in the system. For reasons 
to be discussed later, the existing configuration, in which only a portion 
of the ordinarily usable field of each lens is utilized, was chosen. This 
restriction used up part of the margin in resolution which otherwise 
would have gone to the kinescope. 

Resolution of the lenses was investigated with some care under 
the above conditions of operation. Based on an on-axis .0002-inch 
point source, the circle of confusion at f 9.5 was found to consist of 
a central area with a representative visible diameter of .0008 inch 
containing an estimated 80 per cent of the light and a single halo or 
first ring w T ith a representative diameter of .0015 inch containing most 
of the remaining light. An on-axis sine-wave response factor for one 
of the same lenses (Goerz-Artar #777004) under the same conditions 
using a variable-density sine wave test film resulted in a value of 79 
per cent at 2,000 lines in 5 inches and 62 per cent at 3,000 lines in 5 
inches (the raster used is 5 X 7 inches). The corresponding equivalent 
passband, 4 N e , is approximately 2,750. 

It is noteworthy to mention composite performance data of the 
combined kinescope-lens system as taken through the center channel 
while scanning a bar pattern. Resolution over the major part of the 
raster area as observed with an oscilloscope at the output of the photo- 
cell head is approximately 30 per cent for 1,666 lines in 5 inches. 
Pictures taken in the camera were more conclusive. In this case, the 
information channel included two kinescopes and two imaging lenses 
as well as a very considerable amount of additional optical and elec- 
tronic equipment. A substantial amount of resolution was obtained 
over most of the picture area for 1,430 lines* (in all orientations). 

Since initial resolution met minimum requirements, neither focus 
modulation nor aperture correction was used in the prototypes. 

Development of the Scanning Mechanism 

Kinescope 

The kinescope for this project was developed by the RCA Tube 
Division at Lancaster, Pa. After a brief excursion into the double- 
crossover type of electron optics, the development took the form of 
continued refinement in design of the single-crossover type. Magnetic 

1 O. H. Schade, "Image Gradation, Graininess and Sharpness in Televi- 
sion and Motion Picture Systems, " J.S.M.P.T.E., Vol. 58, pp. 181-222, 
March, 1952. 

* This figure includes, of course, degradation of resolution by the 
photographic emulsion as well as effects arising from the manner of film 
processing. 
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focus and deflection are employed. Particular attention was paid to 
accurate machining of critical parts in the electron gun and treatment 
of structures which might be subject to spurious emission. The P-ll 
phosphor was ball-milled for very small particle aggregate size and 
settled on the face plate with care to avoid pin holes, yellow spots, and 
other types of imperfections. The face plate itself was made of high- 
quality gray glass, one-half inch thick, flat to 20 fringes, and with a 
tight specification on "seeds," "stones," and opaque spots. Sine-wave 
aperture response data on these tubes was obtained by several experi- 
mental methods. While different approaches gave somewhat different 
results, as did different tube samples, it is safe to ascribe a typical N e 
value of around 1,400 and a limiting resolution of about 5,500 to these 
tubes. The very low beam current required at the scanning speed 
involved is a large factor in making this performance possible. 

Optical System 

The basic optical system (Figure 1) initially utilized a conventional 
beam splitter to provide three-channel illumination, and dichroic mir- 
rors to provide back illumination via an off-axis incandescent light in 
each channel. The latter technique is used to provide an image of the 
separations, either singly or composite, on the faceplate of the kine- 
scope. This image is then viewed by means of the spot check telescope 
and associated mirror for observation of scanning spot manipulation, 
or, as will be discussed later, two registration microscopes for separa- 
tion alignment purposes. Dichroic mirrors originally used allowed rear 
illumination to take place by designing these mirrors for reflection 
of an incandescent source while maintaining maximum transmission 
at the phosphor spectral light distribution. 

The extremely efficient geometric integrating properties of the 
human eye, however, mitigated against attainment of satisfactory 
performance by the above system. The conventional beam splitter 
operates on the principle of simultaneous transmission and reflection 
at certain surfaces. Precision requirements necessitated use of stable, 
optically fiat components throughout. For practical reasons, therefore, 
the beam splitter had to be made of thick glass plates. All transmitted 
light rays eventually met a glass-air interface on attempting to emerge 
from this glass plate. Residual reflection occurring at this latter 
interface resulted in the appearance of a spurious scanning spot in 
one of the channels. In actual practice, two of the three separations 
were finally scanned with one or more such spots. The net effect was 
to cause spurious displaced images or "ghosts" to appear on the final 
recorded picture. 
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A quantitative "ghost' 7 specification is readily obtained. With the 
accepted minimum discernible density difference (for contiguous 
regions) of the human eye of .01 and a transmission ratio of 25:1, 
the minimum discernible transmission difference is .09 per cent.* 

Since various density juxtapositions are possible such as a light 
ghost on a dark background or vice versa, it is necessary to consider 
the above requirement which, in the general case, would result in a 
minimum discernible ghost. 

An extended investigation of the capabilities of known low reflect- 
ance coatings under conditions of field angles and spectral illumination 
encountered here led to the conclusion that the conventional type of 
beam splitter could not be used. As a result, the three-lens configura- 
tion of Figure 1 was developed. This system is inherently "ghost" free, 
but does not fully utilize the available field of any one of the imaging 
lenses. 

Use of the dichroic mirrors brought to light another problem. Here, 
no "ghost" problem existed since the scanning spot had already passed 
through the separations. It is recalled, however, that the resulting 
modulation of the light in each channel (by passage through its re- 
spective separation) represents a particular tristimulus value such 
as red, green, or blue. From these values, the color correction equip- 
ment eventually computes the required percentages of colored printing 
inks to reproduce the original colors. An important point in color 
balance is the white end setup whereby proper tristimulus values are 
inserted into the equipment to maintain a correct gray scale throughout 
the neutral axis in the color solid. Once this adjustment has been made 
for any particular test point in the picture, it must hold for all parts 
of the raster. Very small spurious deviations of tristimulus values will 
displace this axis and insert color into an area where it does not belong. 
The human eye is extremely sensitive to such effects, especially at the 
"white" end of the gray scale. A small error in a tristimulus value 
may cause a complete color reversal in a pastel shade. In this connec- 
tion, it is once again recalled that the color corrector was developed 
for graphic arts applications where the judgment and experience of 
art critics are applied to its pictures. 

Dichroic mirrors were found to be too nonuniform in transmission- 
reflection characteristics to maintain required accuracy of information 
handling over their operating area — a requirement complicated by field 
angles involved. The optical system, therefore, was modified to provide 
rear illumination by physical movement of members. The present 



* This value follows from the formula D ™ log (1/T) or .01 — log 
(1/1.023) and .023/25 = .09 per cent. 
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method is based on a swivel mechanism which rotates either photo- 
multiplier or incandescent light into position as required. 

Solution of the above problem focussed attention on the photo- 
multipliers since here a similar problem arose on account of the 
nonuniform sensitivity over the photosensitive surface of these de- 
vices/ 1 During scanning, conditions were such that a "walking hot 
spot" operated over this photosensitive surface. The problem was 
attacked in two stages. First, integrating spheres were installed with 
the objective in mind that only the total amount of light flux entering 
the sphere, and not its space distribution, should influence the phototube 
output. Design limitations and efficiency requirements, however, made 
this method only partially successful; the problem was again reviewed. 

Basic optical design is such as to image the aperture of the imaging 
lens on the photomultiplier photocathode. This procedure, theoretically, 
results in a stationary spot of essentially uniform intensity distribution 
on the photocathode. Such a mode of operation theoretically bypasses 
the nonuniform sensitivity problem. However, spherical aberration in 
the large condenser lenses* was causing spot movement as the raster 
was scanned — an inevitable situation with a simple-lens approach to 
the condenser problem. 

An aspheric Schmidt-type corrector plate capable of removing 
spherical aberration from the condensers was designed and installed 
in each condenser-lens assembly. Integrating spheres are being re- 
tained for the time being, however, although indications are that 
accurate alignment of the condenser optics makes use of the integrating 
spheres unnecessary. 

Operation of the optical system still revealed certain residual raster 
illumination variations. These nonuniformities could be ascribed to 
the following causes: 

1. Differential "cosine fourth" effects in each channel and the 
inability of a single kinescope feedback loop to correct all chan- 
nels simultaneously. 

2. Limitations on the positioning of the light-sampling device of 
the above feedback loop. This device had to be placed somewhere 
before the separations to avoid confusing the feedback loop 
with picture information. 



5 H. Edels and W. A. Gambling, "Spatial Variations of the Spectral 
Response of Photomultiplier Cathodes," Jour. ScL Instr., Vol. 31, p. 121, 
April, 1954. 

* The condenser-lens assembly is based on two Bausch & Lomb 10%-inch 
diameter, 15-inch focal length lenses. 
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3. Possible mechanical tolerances and other problems in positioning 
the light sampling device which risked favoring one portion of 
the raster as against another. 

4. Differential light absorption properties within each channel for 
different parts of the raster. A major offender in this respect 
is the condenser lens in which the scanning spot passes through 
four inches of glass at the center of the raster and only one-half 
inch at the edge.* The actual final illumination pattern was 
strongly suggestive of this latter condition. 

Masking techniques were needed for correction of this final geo- 
metric illumination pattern. An investigation of photographic tech- 
niques resulted in development of a satisfactory optical mask incorpo- 
rated ii the condenser-lens Schmidt plate assembly. 

Control Oj Intensity of Scanning Spot 

For the reasons enumerated oelow, continuous control of scanning- 
spot intensity was found to be necessary: 

1. Temperature variations affecting critical spacing in the kine- 
scope electron gun, together with a rather long effective thermal 
time constant, result in major beam-current changes at fixed 
electrode voltages. The required high accuracy of information 
handling makes a "free running" spot intensity impracticable. 

2. Normal electrical drifts are sufficient to cause significant 
changes in spot intensity. Maintenance of the minimum discern- 
ible density level (.01) indicates a required stability of approxi- 
mately 1 volt at the 25-kilovolt level and 10 millivolts at the 
cathode or grid of the kinescope. 

3. Phosphor variations such as graininess (actually aggregates of 
phosphor crystals), wedging, and discrete imperfections are 
significant. 

4. Certain optical "cosine fourth" effects are significant. 

Two methods were developed to stabilize the light intensity of the 
scanning spot. The first of these methods involved an all-electronic 
feedback loop which sampled the kinescope cathode current as a 
measure of light output. This method was capable of handling drifts 
due to items 1 and 2. It could not, however, handle light variations 
due to variations in phosphor efficiency, nor could it compensate for 

* It is noted that the scanning spot (developed by the P-ll phosphor) is 
peaked at about 4600 angstroms — a wavelength region where glass absorp- 
tion becomes appreciable. 
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purely optical effects. A second method was therefore developed 
involving an electro-optical feedback loop complete with monitoring 
photocell and light sampling device. This method was more powerful 
in that, in addition to items 1 and 2, it could compensate for 3 (except 
for actual pin holes), and it could compensate for a good deal of 4, 
depending upon the nature and location of the light sampling device. 

The foregoing considerations pointed to the selection of the electro- 
optical feedback approach for use in the color correction prototypes. 
A schematic of the scanning system is shown in Figure 3. The light- 
intensity adjustment is made with SRI. Phase-shifting network 8C2 
and 8R9 compensates primarily for equivalent effects occurring at 
the phosphor plane due to finite light build-up and decay time. As 
viewed with an oscilloscope at the output of the monitoring photocell 
head, insertion of the feedback loop reduces the phosphor graininess 
signal by a factor of approximately 20, rendering it entirely invisible 
on the recorded picture. 

Certain effects remained, however. The present kinescope face 
plates, while made of gray glass, are not coated. As a result, flare or 
spot "skirt" is appreciable. This flare pattern is a composite of the 
typical concentric ring type associated with the critical angle of 
reflection mechanism and a continuous distribution extending out 
from the spot proper.' 3 The first halo, which is 2% inches in diam- 
eter, encloses substantially the entire continuous skirt. Two additional 
halos are also visible.* A study of system performance, however, has 
indicated no appreciable effect on picture quality due to this condition. 

Notes on Operation 

One important aspect of operation still needed attention, however. 
Broadly speaking, it was the desirability of preserving the energy in 
the scanning spot as a small discrete bundle which sampled only the 
transmission characteristic of the picture element being scanned at the 
moment and then activated the photomultipliers to the exclusion of 
all spurious light sources. An important step in this direction was the 
elimination of spurious light paths. The interior of the optical system 
was coated with optical black and baffles were placed between adjacent 
channels. Light-tightness of the enclosure was ensured by installation 
of multiple light traps at all openings. Internal spurious sources were 
eliminated by adequate light shielding of thermionic tubes. 



6 For a discussion of flare mechanisms, sec F. J. Studer and D. A. 
Cusano, "Transparent Phosphor Coatings," Jour. Opt. Soc. Amer., Vol, 
45, pp. 493-494, July, 1955. 

* This data was taken by exposing a photographic plate to a stationary 
spot for 12 minutes. 
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Of importance, too, was the very practical matter of optical defects 
and dirt. They could be classified either as permanent, such as defects 
in the kinescope faceplate or dust sealed into the condenser-lens assem- 
bly, or as removable, such as dust which rapidly collected on the kine- 
scope faceplate due to electrostatic attraction. A further classification 
could be made in terms of the proximity of such dirt to a focal plane. 
For example, dirt particles on the kinescope faceplate and the condenser- 
lens assembly imaged directly on the final picture since, essentially, 
they modulated the scanning spot as picture information. In certain 
important cases, such dirt would defeat the purpose of the monitoring 
photocell heads by distinguishing between the optical transmission 



FEEDBACK AMPLIFIER 
+ I20V +240 V + 240V + 24 0 V + 240V 
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Fig. 3 — Simplified scanning spot intensity control system. 



axis of monitoring channel as against the axis of the signal channel. 
A speck of dirt on the kinescope faceplate would then cause its com- 
pensating burst of light to be displaced geometrically causing a peculiar 
double shadow for each such particle. 

Dirt appearing at nonfocussed points in the optical system would 
cause no defined images, per se, but would contribute to unequal raster 
illumination and light scattering. Thus, the battle against dirt was one 
which, when waged constantly, paid dividends in affording continuous 
and reliable operation. 

Registration and Physical Considerations 

Registration is based on a three-point system. This method utilizes 
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a Reparation holder containing three accurately machined steel posi- 
tioning pins against which the separation is spring loaded. Basic 
design is of the precision necessary to approach repeatable registration 
by registering plate holders rather than separations. With a registra- 
tion specification of half a spot diameter (one thousandth of an inch) 
it is possible to register a new set of separations in 10 to 15 minutes. 

Referring to Figure 1, registration is accomplished by insertion of 
a registration mirror into the optics at a point where all three channels 
converge. Back illumination lamps then image the separations onto a 
registration screen. Focal planes of the three aerial images are aligned 
to be coplanar with a grid pattern on this screen. Two registration 
microscopes are initially adjusted to facilitate rapid reiteration between 
two widely separated registration marks. All parts of the picture are 
checked, however, before registration is considered completed. Move- 
ment of imaging lenses and separation holders is accomplished by 
pushbutton operated motors in such a manner that various degrees 
of freedom (rotational and lateral) are decoupled. Details of the 
optical system are shown in Figures 4 and 5. 

Physically, the optical system is based on a series of massive alumi- 
num castings accurately positioned on four rigid steel rails. This 
structure inherently possesses a degree of thermal compensation. 

A three-point suspension technique is employed for support of the 
entire optical system. The structure is suspended from two points over- 
head while a snubber stabilizes the system from below. All three points 
of support are heavily damped. The sheer weight of the suspended 
structure provides excellent protection from higher frequency vibration 
or shock components. 

Extraction of Picture Information 

Extraction of picture information from the optical system required 
design of an ultrastable photocell head with a frequency response ex- 
tending from d-c to 15 kilocycles. Stability requirements here were 
more severe than anywhere else in the system. Whereas small drifts 
in scanning spot intensity would, to a first approximation, cause drifts 
along the neutral axis of the color solid, differential photocell head 
drifts would immediately insert color into a neutral region. Extensive 
investigation of simple cathode-follower operation following the 5819 
photomultiplier, for example, indicated a cathode-follower instability 
unacceptable by a factor of about ten. The circuit finally chosen for 
this application is the three-stage feedback amplifier shown in Figure 
0. Standard receiving-type tubes were used. C-l and C-2 are phasing 
condensers and the output signal, at high voltage level, is developed 
across R-l. 
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An initial uneasiness about the gain stability of the photomultipliers 
proved to be unjustified. With maximum output current in the 1 or 2 
microampere range, operation was below fatigue levels. No direct 
check was made on gain stability, but over-all system performance 
indicated that, except for occasional poor tubes, stability was main- 
tained to at least better than 1 per cent and possibly was of the order 
of 1/10 of 1 per cent. It did prove suitable, however, to remove or 
redesign subsequent signal stages which might be upset by noise bursts. 



VIEWING SCANNING 
TELESCOPE KINESCOPE 




Pig. 4 — Front end of optical enclosure, panels removed. 



Deflection System 

General Requirements 

Development of an adequate deflection system constituted one of the 
major lines of endeavor of this project. The over-all raster-deflection 
requirement may be stated as follows: 



J J Ldsdt = K (1) 
A* A« 

where As is the nominal picture-element area (constant throughout the 
raster), A£ is the time of light emission for the particular picture 
element, and L is the light intensity. It is noted that this relationship 
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is, to a first approximation, that required to produce a uniform exposure 
density on the photographic plate in the camera. The constant-density 
photographic condition is met exactly if (as seen by the photographic 
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Fig. 5 — Rear end of optical enclosure, panels removed. 

emulsion) L and M are also constant everywhere on the raster. 

With suitable line spacing,* these conditions would produce an 
almost continuous-tone plate, especially at higher light levels where 
the photographic "toe" is exceeded for a larger spot area. 

In terms of a scanning-pattern relationship, Equation (1) would 



* Rasters of from 2,500 to 3,000 scanning lines have been used, values in 
this range having been found to render the line structure substantially 
invisible. This agrees closely with a rule given by Schade that N e = 0.53 n' r , 
N e being the equivalent passband represented by the kinescope spot and n r 
the number of scanning lines. Taking A 7 . = 1,400 as indicated previously 
for the tubes used, a value of n r = 2,700 is derived, 
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be satisfied by the systematic exploration of the picture by a scanning 
spot of constant light intensity which moved along a path where line 
spacing and spot velocity were everywhere constant. More strictly, 
there must be a complete absence of velocity modulation. However, 
use of a spot of constant intensity may be considered as a convenient 
but not necessary condition. For example, a pincushion raster with 
appropriate spot-intensity modulation would also satisfy Equation (1). 

Quantitative requirements for the establishment of adequate specifi- 
cations were based on two factors: 
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Fig. G — Channel photocell head (condensed). 

1, The extraordinary sensitivity of the human eye to geometrically 
correlated density-variation patterns. 

2. Resultant colorimetric repercussions when color-corrected infor- 
mation is degraded by errors in picture densities. 

Effects of item 1, above, were instantly recognizable on the output 
pictures. Effects of item 2, however, were not usually obviously notice- 
able until actual proofing took place — a process rather expensive in 
time and money. Density distortions of this latter nature were revealed, 
however, by sensitometric measurements. 

Engineering effort first gravitated to removal of raster imperfec- 
tions associated with item 1, since this requirement was in the nature 
of a sine qua non. 
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Review of the basic raster requirement of Equation ( 1 ) indicated 
that over-all permissible variation in K was that which would be re- 
corded as less than a .01 density difference geometric pattern.* As 
previously indicated, this set an outer limit of less than .1 per cent 
transmission value on such variations. Since a spot of substantially 
constant intensity was generally used, this reduced the scanning pat- 
tern to a matter of precise line spacing and very uniform spot move- 
ment. Easiest of attainment was the spot of constant intensity. Use 
of feedback methods together with effective noise suppression, stable 
circuitry, and power supplies readily provided such a spot. 

Velocity modulation was quite another matter, representing a prob- 
lem in testing as well as in design. Since, for certain reasons of over-all 
stability, the horizontal repetition rate was synchronized with the 
60-cycle power frequency (at a 17:1 ratio), velocity modulation at this 
frequency appeared as vertical striations across the picture. However, 
this venetian-blind effect proved amenable to sustained conventional 
clean-up techniques. Vertical deflection was more difficult. Here, very 
small circuit movements, such as resulted from normal thermal drifts, 
wreaked havoc with the picture. A single misplaced line, such as that 
due to a noise pulse, gave a horizontal streak. With approximately 
2,500 lines over a deflection coil voltage swing of 120 volts, this meant 
a line for each 50 millivolts of deflection. Permissible displacement 
before appearance of a visible streak was not quantitatively measured. 
Computation for a .01 density difference streak visibility is, of course, 
contingent on some assumed light distribution. Experience indicated 
that individual line spacing variations must be held to approximately 
5 or 10 per cent. Required precision, then, is of the order of a few 
millivolts, or the equivalent line movement that would take place near 
the raster edge due to a few volts change at the 25-kilovolt ultor voltage. 

Circuitry 

The vertical deflection circuit is shown in Figure 7. The function 
generator is comprised of Vl-3. VI is a two-stage constant-current 
source which develops a positively going voltage at the upper plate of 
C-l during the scanning cycle. VI, in turn, secures its plate voltage 
from V2 which is a constant-phase, unity-gain amplifier, cathode modu- 
lated by the deflection signal via cathode follower V3. In this manner, 
a constant voltage is maintained across the constant current source, 
VI. E-2 and C-2 are very high precision components developing a half 
minute time constant which filters the output signal and reduces the 



* The definition of a geometric pattern as used here is primarily psy- 
chophysical. It is a pattern such as would be seized upon most easily by 
the recognition mechanism of the brain. 
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effect of thermal drift of the cathode follower. R-l adjusts sweep time. 

The deflection coil driving circuit consists of V4-7. VG and V7 
comprise a two-stage very high variational impedance source which 
supplies current either to cathode follower V5 or to the vertical 
deflection coils depending upon the signal appearing at the grid of 
V5. In this manner, current in the deflection coils is able to reverse 
smoothly with no necessity for push-pull or push-push balancing. It 
may be noted in passing that the six 5687 tubes comprising the cathode 
follower have a combined g M of approximately 130,000 micromhos. 

The foregoing current amplifier (V5, 6, 7) is driven by V4 which 
is a balanced bridge type of feedback circuit. The voltage signal 



+ 160 VQ 

_1 (6-5G87'5J 




Fig. 7 — Simplified schematic of vertical deflection circuit. 

appearing at the vertical deflection coils is continuously sampled and 
compared with the output of the vertical function generator (VI, 2, 3) . 
Any variations produce an error voltage which is then applied to V5 
for correction. 

The scanning spot must also be capable of being held stationary 
with great precision. Since illumination and color correction computing 
are set up at particular picture or test patch areas on the color separa- 
tions, a "walking" spot would cause difficulty on fine picture detail and, 
in some cases, for normal emulsion or test patch graininess. As far 
as possible, a defocussed spot is used for averaging effects. 

Considerations of Raster Geometry 

There are two rasters of importance in the system. The first of 
these is the actual scanning-line configuration on the recorded plate. 



www.americanradiohistorv.com 



FL Y1NG-SF0 T SCA NNER 



329 



Due to the excellence of the optics, this scanning-line configuration is 
essentially that developed at the kinescope faceplate. This is the raster 
that must be free of velocity modulation and which, when unmodulated, 
must record a photographic plate of constant density. 

The second raster is the resultant of the combined scanning and 
recording rasters. This is the raster which records a scanned geometric 
pattern with geometric accuracy. Extreme care was taken with this 
latter raster in order to achieve this condition. In addition to series 
operation of deflection yokes and focus coils, both yokes and focus 
coils are of the precision type and positioned with great care. Present 
performance of this raster on a 5 X 7 inch test square indicates an 
accuracy to within 1 '64 inch at all points. Neither raster magnets 
nor deflection modulation are used, but these methods are being held 
in abeyance should it prove desirable at some future time to improve 
this degree of precision. 

To maintain resolution of picture detail in the final proof, the set 
of four successively scanned corrected plates must register with each 
other to within a fraction of a thousandth of an inch at all points. 
This condition is achieved by series operation of deflection yokes and 
focus coils. No discernible misregistration is present. 

Conclusion 

Pictures of graphic arts quality have been produced by the 
prototype equipment since the Fall of 1954. Recently proofed pictures, 
in particular, have been quite favorably evaluated by critics within the 
graphic arts industry. Resolution-wise and smoothness-wise, these 
pictures are substantially indistinguishable from purely photographi- 
cally processed products. The blank, or constant density, recording 
raster is quite uniform to the eye, showing variations over wide areas 
of only the order of .01 density difference. Except for scanning lines, 
visible only by microscope, the raster cannot be recognized as the 
product of a scanning. One of these equipments is now being installed 
in the plant of a major printing firm for field test and operation. 
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A MAGNETIC TAPE SYSTEM FOR RECORDING 
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Summary — A system 1 for recording and reproducing television signals 
by means of magnetic tape was described and demonstrated in December 
1953, Developments since that tune include : a reduction in tape speed 
from 30 to 20 feet per second, an increase in resolution by the use of 
improved heads and the addition of a fifth channel for carrying the com- 
bined highs, recording and reproducing a complete composite FCC color 
signal, an improved servo system for maintaining constant equivalent 
tape speed in recording and reproducing the television signal. Two systems 
have been developed for reproducing the audio signal employing two 
different modulation means, namely, two carrier amplitude modulation, 
and frequency modulation. The five parts of their paper outline the general 
principles of a magnetic tape system for recording and reproducing a 
standard FCC color television signal. 



Part I — General Considerations 

By 

Harry F. Olson 
Introduction 



Recording and Reproducing By Means of Magnetic Tape 



y u ^Hh magnetic storage 
half century. Howev 
theories, techniques, 



^HE magnetic storage of information has been known for over a 
vever, it is only within the last decade that 
and materials have been developed which 
make it possible to record, store, and reproduce relatively large amounts 
of information by means of a system employing magnetic tape. The 
magnetic tape consists of a plastic base coated with a layer of iron 
oxide, as shown in Figure 1. One of the important characteristics of 
the magnetic coating is the hysteresis loop of the material shown in 
Figure 2. B is the magnetic induction in gausses. H is the magnetiz- 
ing force in oersteds. The point on the characteristic where H — 0 
represents the intrinsic coercive force. The point on the characteristic 



1 II. F, Olson, W. D. Houghton, A. R. Morgan, J. Zenel, M. Artzt, 
J. G. Woodward, and J. T. Fischer, "A System for Recording and Reproduc- 
ing Television Signals," RCA Review, Vol. XV, p. 3, March, 1954. 
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PLASTIC 
BASE 

SECTIONAL VIEW 

Fig. 1 — Sectional view of magnetic recording tape. 

where B — H — Q represents the retentivity. The magnetic material 
used for the coating must exhibit a rectangular type of hysteresis loop 
in order to provide the magnetic retentivity required to store informa- 
tion in a permanent form. A typical hysteresis loop for the coating on 
magnetic tape is shown in Figure 2. 

The signal is recorded and reproduced from magnetic tape by 
means of an electromagnetic head, shown schematically in Figure 3. 
The application of a voltage to the coil of the head leads to the produc- 
tion of a magnetomotive force in the magnetic circuit which in turn 
magnetizes elements of the tape in proportion to the voltage which is 
applied. The signal stored on the tape is in the form of a series of 
longitudinal permanent magnets. In reproduction, the tape is moved 
past the head. When one of the magnetized portions of the tape passes 
over the air gap of the head, a magnetic flux is generated in the head 
which leads to the induction of an electromotive force in the coil. 

In any recording and reproducing system, the object is to store 
as much information as possible. This information may be recorded 

B-H 



H 



Fig. 2 — Typical B-H characteristic of the iron oxide coating on magnetic 

tape. 
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and reproduced in many different ways. For example, it may be de- 
sirable to record and reproduce with a wide frequency range and a 
relatively small signal-to-noise ratio. A system with these characteris- 
tics would be useful in the recording of television signals. On the other 
hand, it may be desirable to record with a large ratio of signal-to-noise 
and a relatively narrow frequency range. A system with these char- 
acteristics would be useful for the reproduction of sound. These band- 
width and signal-to-noise considerations may be illustrated by the use 
of the generalized recording and reproducing systems shown in Figure 
4. The recording system consists of an information source, which con- 
tains both signal and noise, and a recorder which adds noise when the 
record is recorded. The reproducing system consists of the record 
which contains both signal and noise, the reproducer which adds noise 
to the signal when it is reproduced, and the information receiver or 




Fig*. 3 — Diagram depicting the magnetic tape recording and reproducing 

process. 

ultimate destination of the information. The quantity of information 2 
which may be transmitted can be expressed by 



Q - Et log l + 



V 



(1) 



where Q = quantity of information, 
i=time of transmission, 
B — frequency bandwidth, 
p — signal power, and 
N — noise power. 

From Equation (1), it will be seen that bandwidth, time, and signal- 
to-noise are interdependent. From data relating to signal and noise 



- C. E. Shannon and W. Weaver, The Mathematical Theory of Com- 
munication, University of Illinois Press, 1949, 
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obtained in the audio frequency band, it appeared that the recording of 
television signals would be possible. Development work on new forms 
of magnetic recording and reproducing heads proved that signals hav- 
ing the bandwidth required for television could be recorded and repro- 
duced. Closely allied with this development of the heads, an over-all 
system for the recording and reproducing of television signals from 
magnetic tape was developed. This development culminated in a system 
for recording and reproducing television signals in both color and 
black-and-white. This system was demonstrated to the public in 
December, 1953. 

The System 

The original system employed a simultaneous color recording and 
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Fig. 4 — Diagram of a generalized recording and reproducing system 
consisting of a recording section and a reproducing section. 

reproducing system. The development since that time has included work 
directed primarily towards recording and reproducing a composite 
color signal. Magnetic tape systems, for recording and reproducing 
color television signals are shown in Figures 5 and 6 respectively. A 
photograph of the complete system is shown in Figure 7. A photograph 
of the tape transport mechanism and magnetic head system is shown in 
Figure 8. 

Referring to the recording system of Figure 5, it will be seen that 
the composite color signal is decoded into the green, red, and blue video 
signals and the synchronizing signal. The red, blue, and green video 
signals are recorded with bandwidth of 1.5 megacycles in three sep- 
arate channels. The combined high-frequency video channel containing 
the combined high-frequency responses of the red, blue, and green 
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Fig. 5 — Schematic arrangement of the apparatus for recording- standard 
FCC color television signals. 

video signals from 1.5 to 3.5 megacycles is recorded in a fourth channel. 
The horizontal synchronizing signal is recorded on a fifth channel. The 
signals in these channels are recorded on the tape by means of a 
quintuplet head. The sound is recorded on two amplitude-modulated 
carriers at about 80 and 150 kilocycles. The sound has also been re- 
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Fig, 6 — Schematic arrangement of the apparatus for reproducing standard 
FCC color television signals. 
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corded on a frequency-modulated carrier at 90 kilocycles. Thus, it will 
be seen that the complete television signal is recorded by means of six 
channels on seven magnetic tracks on the tape. The rotational speed 
of the capstan is maintained at constant value in recording by means 
of a servo system consisting of a tone wheel alternator, eddy current 
brake, horizontal drive generator, electronic comparator, and amplifier. 
The tone wheel signal is compared with the horizontal synchronizing 




Fig. 7 — Complete video recording and reproducing system. From left to 
right the racks contain the following: #1 — Decoding and encoding equip- 
ment. #2 — Line monitor, video recording equalizer, audio recorder, and 
velocity servo control equipment. #3 — -Tape transport equipment (recording 
and reproducing amplifiers in panel below upper tape reel). #4 — Blanking- 
inserter, video reproducing amplifiers, sync amplifiers and audio reproducing 

equipment. 

signal from the local synchronizing generator and the difference be- 
tween these two signals is applied to an induction brake. If the phase 
of the tone wheel output leads or lags the horizontal synchronizing sig- 
nal, the braking will be decreased or increased until the two signals are 
in phase. In this manner, constant angular speed of the capstan is 
maintained in recording within the accuracy of the servo and the 
machined parts. As a result, the speed of the tape at the capstan will 
be constant within the same limits. To insure constant tape tension 
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required to maintain constant speed and pressure of the tape on the 
heads, electronic servo systems are used in the driving system of the 
supply and take-up reels. The take-up reel employs an electronic system, 
sensor, and motor-clutch drive which maintains constant tension in the 
tape to the take-up reel. The supply reel employs an electronic system, 
sensor and eddy current brake which provides a constant tension in the 
tape from the supply reel. 

The system for reproducing the television signals recorded on the 
tape is shown in Figure 6. The red, blue, and green video signals, the 
combined high-frequency video signals, and the horizontal synchro- 
nizing signal are reproduced by the movable reproducing head. The 




Pig, 8 — Close-up view of the tape transport mechanism and magnetic head 

systems. 

horizontal synchronizing signal is also reproduced by the fixed record- 
ing head. The reproduced synchronizing signal is amplified and com- 
pared with the local horizontal synchronizing signal obtained from a 
signal generator. The difference between these two signals is fed to the 
brake. If the phase of the tape output leads or lags the horizontal drive 
obtained from the local signal generator, the braking will be decreased 
or increased until the two signals are in phase. In this manner there 
is maintained a constant phase relationship between the horizontal 
synchronizing signal obtained from the tape and the horizontal syn- 
chronizing signal obtained from the local synchronizing generator 
within the accuracy of the electronic and servo systems. Since the mass 
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of the motor system is relatively large, it is difficult to maintain a con- 
stant phase relationship with the accuracy required. A deviation is 
manifested as a jitter of the picture since the synchronizing signal from 
the synchronizing generator is used as the synchronizing signal. 
Variation of the phase relationship between the horizontal synchro- 
nizing signal from the tape and the horizontal synchronizing signal 
from the local signal generator is reduced by means of a movable head. 
Since the video signals are also obtained from the same head, these 
signals will also be corrected with respect to phase. The output of the 
horizontal synchronizing signal from the tape is compared with the 
horizontal synchronizing signal from the local synchronizing generator 
and the difference applied to the movable head. The movable head acts 
to reduce the phase difference to a minimum. The red, blue, green, and 
combined high video signals reproduced by the magnetic head are 
amplified and fed to separate blanking amplifiers. Clamping amplifiers 
are employed to maintain the low-frequency response. The combined 
high-frequency video signal output is mixed with the red, blue, and 
green video signals. These are fed to the colorplexer where the com- 
posite television signal is produced. The horizontal and vertical syn- 
chronizing signals and color burst signals are obtained from the local 
generator. Since the phase of the video signals are maintained exceed- 
ingly accurately with respect to the local synchronizing signals, blank- 
ing and the insertion of new synchronizing signals are possible. Thus, 
the composite color television signal meets the FCC specifications. In 
reproduction, the modulated carrier signals carrying the audio informa- 
tion are demodulated and an audio signal corresponding to the original 
audio signal is thereby recovered. 

The remainder of the paper provides detailed information on the 
components of the complete system. This system has been on field test at 
the National Broadcasting Company, New York, N. Y., since April, 1955. 

To demonstrate that the system could record and reproduce a 
standard FCC color television signal, the following test was made. In 
connection with the dedication of the new Research Center of the 
Minnesota Mining and Manufacturing Company, three programs were 
recorded on magnetic tape several days preceding the dedication. On 
May 12 and 13, 1955, the programs were reproduced at the National 
Broadcasting Company in New York and transmitted by microwave 
circuits of the American Telephone and Telegraph Company to a tele- 
vision transmitter at St. Paul, Minnesota. The output of the trans- 
mitter was picked up and reproduced on standard color-television re- 
ceivers in the auditorium of the new Research Center. This was the 



www. 



338 



RCA REVIEW 



September 195G 



first time that a television program recorded on magnetic tape had been 
reproduced and sent over a complete chain of standard television 
facilities. 

In this connection, television programs originating in California 
and other remote parts have been recorded in New York and repro- 
duced at some later time. 

The performance of the system as described in the remainder of 
the paper represents a good average. It does not, however, represent 
the ultimate possibilities of performance with this type of equipment. 
For example, under controlled conditions, usable signals well over 4 
megacycles have been recorded and reproduced, audio systems having 
a signal-to-noise ratio of 60 decibels and imperceptible distortion may 
be realized, and practically noise-free conditions have been obtained 
with some magnetic tapes. 



Part II — Electronic System 
By 

W. D. Houghton 
Introduction 



y \i njh IS part concerns the electronic portion ot 
I tape system that is presently undergoing 
J-L National Broadcasting Company in New Yc 



^HIS part concerns the electronic portion of the color television 

field testing at the 
fork City. 

In order to provide a background for the information which follows, 
reference is first made to the simultaneous color tape system that was 
publically demonstrated in 1953. 1 As it was demonstrated, this system 
operated with a tape speed of 30 feet per second and four minutes of 
program were recorded on each 17-inch reel of tape. The color in- 
formation was recorded in the form of three simultaneous video signals 
representing the red, green, and blue color components. These video 
signals, together with the composite synchronizing pulses, were re- 
corded on four separate tracks on the tape by a special, four-element 
video recording head. The audio was recorded on a fifth track by a 
separate audio unit designed for the higher tape speed. 

In the reproducing portion of the system, the four signals from the 
video reproducing head were coupled to special processing amplifiers. 
These amplifiers corrected the signals so as to re-create the 3 wide-band 
color components. The corrected signals, from the processing ampli- 
fiers, were then coupled to the video and sync inputs of simultaneous 
viewing units for demonstration purposes. 
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Requirement For FCC Color Signal 
Although the 1953 demonstrations were proof that magnetic tape 
could be used as a storage medium for both black-and-white and color 
television signals, several problems still remained. The most important 
of these was the production of a composite color signal suitable for 
distribution by commercial facilities. 

As a first observation, it would seem that having once produced the 
simultaneous color components, it would be a relatively simple task to 
produce a composite color signal. However, further investigation re- 
veals that more is required than merely connecting the separate color 
signals to the inputs of a standard color television encoder. The reason 
for this is that a color encoder also requires a color carrier, a burst 
flag, horizontal drive, and composite synchronizing pulses. Further- 
more, the resulting composite color signal must meet the specifications 
set up by the FCC* These standards require that the color carrier and 
sync signals must bear an interlaced relation and that the carrier must 
meet the requirements of a 10-cycle frequency stability with a rate of 
change of frequency no greater than 1/10 cycle per second per second. 

Present color television systems meet these requirements because 
the timing of all signals including the simultaneous video is under the 
direct control of a common color synchronizing generator. 

The Tape Velocity Principle 

When a color synchronizing generator is used as the timing unit in a 
video tape system, a time lock must be maintained between the video 
signals reproduced from the tape and the synchronizing pulses from 
the sync generator. In the present system this is accomplished by a 
servo control unit which operates to vary the tape velocity in a man- 
ner such that the vertical and horizontal blanking periods in the repro- 
duced tape signals coincide with the vertical and horizontal pulses from 
the color synchronizing generator. 

Since the tape transport mechanism is the subject of Part III, it 
will not be discussed in great detail here. However, some of its char- 
acteristics will be given to show how it fits into the operation of the 
complete system. 

The transport mechanism performs two basic operations. The first 
is that of maintaining constant tape velocity during the recording opera- 
tion so that the video signals are properly recorded on the tape. The 
second is that of controlling tape velocity during reproduction so as to 
maintain an essentially fixed time relation between the sync reproduced 
from the tape and the sync from the color sync generator. 

3 "Final Color Television Decision, adopted December 17, 1953/' Tele- 
vision Digest, December 17, 1953. 
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Since the sync is recorded with a fixed time difference relative to the 
picture information, the video components are reproduced as phase- 
locked signals relative to the sync generator pulses. This arrangement 
permits the use of standard color processing equipment and also per- 
mits the video tape system to be used in conjunction with other com- 
mercial color television apparatus. Furthermore, normal video operat- 
ing techniques such as fading, super imposition and lap dissolve can 
be employed. 

The use of standard color encoding equipment insures the produc- 
tion of a composite color signal that meets the interlace and stability 
requirements stipulated by the FCC. Any undesired variations in the 
tape velocity cannot affect the color saturation, hue, or burst stability. 
Instead, they will result only in a horizontal movement of the repro- 
duced picture within the scanning raster. When these variations are 
kept small, and at a relatively low frequency, the resulting picture move- 
ment becomes comparable to that observed in present film reproductions. 

In the present equipment, when the vertical and equalizing pulses 
are recorded on the same track with the horizontal sync, they tend to 
interfere with the operation of the servo control unit. Therefore, 
presently, only the horizontal pulses are recorded on the sync track, 
and vertical framing is made as a manual adjustment. After the 
vertical framing is established, the picture remains automatically 
framed by the action of the servo control unit. This is described in 
detail in Part III. 

The Magnetic Elements 
The record and reproduce heads, including their construction, 
operation, biasing, and frequency response are described in detail in 
Part IV. However, some of the characteristics obtained at tape speeds 
of 20 feet per second will be given to show the operation of the system. 
These are: the maximum undistorted low-frequency output is obtained 
with a d-c bias current of approximately 2.5 milliamperes ; the maxi- 
mum high-frequency output is obtained when the recording bias cur- 
rent is reduced to less than 0.5 milliampere; the maximum output 
over the video band is obtained when the record signal current is 
maintained essentially constant with frequency and the bias current 
is raised as an approximate inverse function with frequency. With a 
constant signal current input of 1 milliampere, and a constant d-c 
bias of 2 milliamperes, the maximum output occurs in the frequency 
range between 70 and 150 kilocycles. For these conditions, the output 
at 1.5 megacycles is approximately 40 decibels below the maximum 
and the 400-cycle output is down approximately 35 decibels. When 
the d-c bias is reduced to less than 0.5 milliampere, the 1.5-megacycle 
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output rises to approximately 17 decibels below the maximum output 
value. 

This indicates that a bias of 2 milliamperes will result in a usable 
frequency range extending from approximately 400 cycles to 1.5 mega- 
cycles, and a bias of less than .5 milliampere is required for the fre- 
quency range above 1.5 megacycles. 

High-Frequency Channel 

The condition of different bias values for the maximum signal out- 
put in the two frequency ranges was combined with the "mixed highs" 4 
principle of color television to provide an increase in the storage time 
on a reel of tape. 

In color television systems it is common practice to mix the high- 
frequency portions of the separate color signals to form what has be- 
come known as the mixed-highs component. This technique has been 
incorporated in the color tape system by recording the mixed highs on 
a separate track on the tape by an additional element in the recording 
head. This element is then supplied a lower value of bias current than 
that required by elements used to record the low-frequency components. 
This results in an increase in the high-frequency signal-to-noise output 
in the over-all system. 

Because the 1953 demonstration equipment operated at tape speeds 
of 30 feet per second, a satisfactory signal-to-noise could be obtained 
by using a compromise value of bias current to record the signals on a 
full wide-band bias, and the complication of adding the additional head 
elements was avoided. However, in the present equipment where a 
longer operating time is obtained by reducing the tape velocity, the 
increase in signal-to-noise becomes appreciable with the use of the 
additional elements. 

In the system as it is now operating, the separate color signals are 
limited to frequency bands extending to 1.5 megacycles, and the high- 
frequency channel carries the combined frequencies above 1.5 mega- 
cycles. 

System Operation 
As shown in the block diagrams of Figures 9 and 10, the complete 
color tape system operates between single 75-ohm input and output 
lines. In the recording section, as shown in Figure 9, the composite 
color signal, from the input feed, is coupled to a decoder unit. This 
unit recovers the three primary color components, red, green, and 
blue, together with the composite synchronizing pulses. These signals 
are then coupled to the recording section where they are applied to the 

4 A. V. Bedford, "Mixed Highs in Color Television," Proc I.R.E., Vol. 
38, p. 1003, September, 1950. 
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tape on 5 separate tracks as: low-frequency red, low-frequency blue, 
low-frequency green, mixed highs, and sync. 

As shown in Figure 10, the 5 separate signals are recovered from 
the tape by a 5-element reproduce head. They are then combined, in 
the reproducing equipment, to form a composite color signal on the 75- 
ohm output line. 

Parts III, IV, and V describe the operation of each of the various 
components shown in Figures 9 and 10. 
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Recording Section 

The block diagram of Figure 9 shows the various elements used 
during the recording operation. 

Decoder 

As shown in Figure 9, a composite signal from the video input line 
is coupled to the decoder. This unit is similar to the video portion of a 
standard color television receiver. That is, it contains the oscillator, 
color hold, color detectors, and matrix circuits necessary to recover the 
red, green, blue, and sync components from the composite color signal. 
The composite sync is coupled to a horizontal pulse regenerator and 
the separate color signals are coupled to the video inputs of a signal 
compensator unit. 

Horizontal Pithe Regenerator 

The horizontal pulse regenerator is used to separate the horizontal 
sync information from the composite sync pulse signal. This unit also 
reduces the effects of any noise which might be introduced by the 
transmission path between the signal source and the recording equip- 
ment. 

Basically, the regenerator consists of a highly stable LC reactance- 
controlled oscillator that is locked to the incoming pulses by conven- 
tional automatic-frequency-control circuits. The oscillator drives a 
series of pulse-forming networks to produce an output pulse which is 
similar to the horizontal drive pulse from a standard sync generator. 
This unit also contains a feedback gating network. In operation, this 
gate network opens shortly before the expected arrival time of a hori- 
zontal pulse and closes shortly after the pulse. This action prevents 
the equalizing pulses and any noise occurring between the horizontal 
pulses from reaching the phase-detecting networks of the automatic- 
frequency-control section. The pulse regenerator is used to insure that 
the best possible sync pulses are recorded on the tape. 

Record Signal Compensator 

The record signal compensator performs three separate functions, 
namely, high-frequency mixing, signal processing, and bias control. 
The high-frequency mixer selects the frequencies above 1.5 megacycles 
from each of the separate color signals and combines them to form a 
single high-frequency monochrome signal. The bias control section 
provides a means for independently controlling the bias in each record- 
ing head element. Basically, this section contains 5 separate poten- 
tiometers across a bias voltage source and a milliammeter which can 
be switched to measure the bias current in each record head element. 
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The equalizers are used to modify the signal so that a maximum of 
information, with the desired phase characteristic, is recorded on the 
tape. The four sections, red, green, blue, and sync, are all identical in 
and construction and operate in the frequency range below 1.5 mega- 
cycles, while the highs section is built to operate in the frequency band 
above 1.5 megacycles. 

Head Driving Amplifier 

The 5 video and 5 bias signals from the recording compensator are 
coupled to a 5-channel record-head driver unit as shown in Figure 9. 
The record-head driver is made as a separate unit so that it can be 
placed in close proximity to the recording head to reduce stray capaci- 
tance effects. The 5 amplifiers are made identical in construction and 
wideband in operation. Each channel contains a single pentode am- 
plifier operating in a circuit designed to provide a high impedance rela- 
tive to the head element for all frequencies in the video band. With 
this arrangement, a constant input voltage will result in an essentially 
constant head current for all frequencies encountered. Each channel 
also contains a separate RL circuit for adding the d-c bias current to 
the recording head element. In order to provide wide-band connecting 
links between the compensator and the driver, 1000-ohm connecting 
cables are used. 

Reproducing System 

As shown in Figure 9, there are three magnetically active elements 
located along the tape path. The first is an erase magnet which re- 
moves any previous recordings by completely saturating the magnetic 
material on the tape. The second is the 5-element record head which 
places the information on the tape in the form of 5 parallel tracks. The 
third is a reproducing head which produces 5 separate output signals 
in response to the information recorded on the tape. During the re- 
cording operation, the reproduce head, and the associated electronic 
equipment, can be used as a monitor pickup to check the quality of the 
recording as it is being made. 

When tapes are to be reproduced, the erase magnet is physically 
removed from the tape path and the record-reproduce switch is set to 
the reproduce position. With the switch in this position, all record- 
head sections except the sync unit are connected to ground to insure 
against any undesired recording. As explained later, the sync channel 
is not grounded because, in delayed playback operation, it is used to 
reproduce sync pulses for the tape-velocity control equipment. 

Reproducing Preamplifier 

As shown in Figure 10, the 5 signals from the reproduce head and 
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the sync signal from the record head are coupled to a 6-channel repro- 
ducing amplifier. Since this amplifier must be located close to the repro- 
ducing head to keep stray capacitance to a minimum, and the record am- 
plifier must be located close to the record head for the same reason, both 
units are mounted on the same panel in the tape transport rack. 
Mounting the amplifiers in the transport rack solves the lead capaci- 
tance problem, but at the same time it introduces the additional prob- 
lems of microphonics due to vibration and feed-through from the 
record driver to the reproduce preamplifier. The problem of micro- 
phonics was solved by shock mounting the preamplifiers and the feed- 
through was eliminated by extensive shielding of both the circuits and 
the interconnecting head leads. Each preamplifier channel contains a 
cascode type wide-band video circuit employing two type 417A triodes. 
The gain per channel is approximately 24 decibels and the input noise is 
approximately 15 microvolts. 

The 4 video signals from the preamplifier are coupled to the repro- 
ducing compensator and the two sync signals are coupled to a two- 
channel sync amplifier and clipper, as shown in Figure 10. 

Reprod ucing Compensator 

The reproducing compensator performs three separate operations. 
One is the equalization of the red, green, blue, and mixed highs signals. 
The second is the time positioning of the three color signals. The third 
is the addition of the high frequencies to each of the separate color 
signals. 

The timing units are actually 3 tapped delay lines inserted between 
the equalizers and the mixers. These provide a means for correcting 
the timing errors introduced by slight misalignments of the record and 
reproduce heads or by unequal phase delays of the different equalizing 
channels. In operation, the variable delay lines are adjusted to obtain 
exact registry between the mixed highs and each of the separate color 
signals. 

The time-corrected color signals and the monochrome high-frequency 
signal are connected to three adding networks as shown. These units 
merely add the high frequencies to each of the separate color com- 
ponents to form 3 wide-band video signals. The three color signals, 
from the compensator output are coupled to the inputs of a blanking 
and clamping inserter as shown in Figure 10. 

Clamper and Blanking Inserter 

The clamper and blanking inserter performs two separate functions. 
One is the restoration of low-frequency components by gated clamp 
networks, and the other is the removal of tape noise and spurious sig- 
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nals for the time interval during which sync and color burst informa- 
tion is later added by the encoder. 

Since the d-c and low-frequency restoration action of gated clamps 
is a well known video operation, i} and it is beyond the scope of this 
paper to cover the details, it will merely be said that these units are de- 
signed to restore frequencies below approximately 400 cycles. The 400- 
cycle frequency is chosen since it is the lowest frequency where adequate 
tape signal to amplifier noise is presently obtained. Furthermore, this 
value is within the restoration range of gated clamp networks. It 
should be noted that the clamp keying pulses are obtained from the tape 
instead of from the local color sync generator. This is done to insure 
against the introduction of false information which might result from 
any time variations between the clamp pulses and the video signals. 

The blanking inserter is used to introduce the sync generator blank- 
ing pulses in to the reproduced tape signals. Since the blanking pulses 
are correctly timed relative to the sync and color burst signals, tape 
noise and spurious signals will be gated out and, therefore, they will 
not interfere with the color synchronizing information that is inserted 
by the encoder. 

In normal operation, the blanking does not affect the picture por- 
tion of the signal because the transport operates to maintain a coin- 
cidence between the blanking periods of the tape signals and the 
blanking pulses from the color sync generator. Thus, the added blank- 
ing merely cleans up the blanking area of the reproduced signals. Any 
time variations due to changes in tape velocity may cause a slight 
clipping of the edges of the reproduce picture, but if the variations 
are small, this effect becomes negligible. 

The clamped and blanked signals from the blanking inserter are 
coupled directly to the simultaneous color camera inputs of a standard 
color encoder, as shown. The encoder is also fed horizontal drive, 
3:58 megacycles, and sync components obtained directly from the 
station color synchronizing generator. The burst Hag signal for the 
encoder is obtained from a standard burst flag generator which also 
operates from the sync generator drive pulses. 

It can now be seen that with this arrangement the composite color 
signal produced at the output of the encoder contains color carrier 
and burst signals which meet the stability requirements set by the 
FCC. Furthermore, the correct interlace condition is maintained 
between the sync pulses and the color carrier. Thus, when the com- 

5 K. R. Wendt, "Television DC Component," RCA Review, Vol. IX, 
p. 85, March, 1948. 

6 S. Doba and J. W. Rieke, "Clampers in Video Transmission," Trans- 
actions of the A.I.E.E., Vol. 69, p. 477, 1950. 
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posite signal is coupled to a suitable television transmitter, any commer- 
cial color receiver can be used to display the reproduced tape pictures. 
The only defects which the tape system can introduce are: loss in 
resolution, which may be due to incorrect adjustment or head align- 
ment; slight horizontal picture displacement due to small irregularities 
in tape velocity; and incorrect color balance due to improper gain 
settings in the separate reproducing amplifiers. Such difficulties are 
also encountered in various film systems where separate amplifiers 
carry the different color signals and mechanical devices move the film. 

A video-fed color receiver is used to monitor the signals as they 
are fed out on a standard 75 ohm video line for normal distribution. 

The photograph of Figure 7 shows the four racks of video tape 
equipment. Counting from left to right: rack 1 contains the decoder, 
encoder, and horizontal pulse regenerator; rack 2 contain a video line 
monitor, the video recording compensator, the audio recording equip- 
ment, and the transport velocity control apparatus; rack 3 contains 
the tape transport, the supply and take-up reels, the reel control units, 
and the record and reproducing amplifiers; rack 4 contains the blank- 
ing inserter, the reproducing compensator, the sync clippers, and the 
audio reproducing equipment. This rack also contains a switch panel 
which permits switching from tape to direct signals for alignment 
purposes and a test pulse switch to permit the recording and reproduc- 
tion of a test pulse for setting up and testing purposes. 

Figure 11 shows, from left to right, the input monitor, the power 
supply rack, the tape rewinding rack, and the output color monitor. 

The top chassis shown in Figure 12 is a close-up view of the record- 
ing compensator unit. The large knob at the left is the main input 
gain control. This drives a 8-gang potentiometer to vary the input 
amplitude of the three color signals. The meter and switch at the 
right are used to check the bias current in each of the recording head 
elements. The 5 separate channels are arranged horizontally on the 
panel. Reading from the top, they are: blue, red, green, highs, and 
sync. The high gain and low gain knobs, in the center, control the 
equalization, and the gain knobs at the right provide a means for 
differentially controlling the record signal amplitudes. The toggle 
switch labeled "BW-COLOR" is used to tie all color channel inputs 
together for black-and-white recording. This is also used in the setting 
up adjustments. 

The panel at the top of Figure 12 is the switching panel for the 
video line monitor and the chassis at the bottom is the audio record- 
ing equipment. 
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Fig. 11 — Left to right — input, color monitor, power supply rack, tape re- 
winder, output color monitor. 
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Figure 13 shows the blanking inserter at the top and the reproduc- 
ing compensator at the bottom. 

The 4 channels, red, green, blue, and highs, are arranged horizon- 
tally on the compensator chassis. The 3 large knobs at the top of the 
compensator chassis control the variable delay circuits. The 4 left- 
hand knobs are the individual input gain controls. From left to 
right, the next two knobs in each channel control the low- and high- 
frequency equalizing. The 4 right-hand knobs are the color balancing 
and high-frequency adding adjustments. 

The large knob at the left in the blanking inserter controls the 
gain in all channels by means of a ganged potentiometer. The mono- 




* ! 


flBl 
















Fig. 13 — Top to bottom — blanking inserter, reproduce equalizer, and part 
of sync pulse amplifier and clipper unit. 

color switch at the left ties all inputs together for black-and-white 
reproduction. This is also used when setting the color balance and 
background controls in the blanking inserter. 



Operational Characteristics 
The foregoing has shown how the various electronic components 
operate in the system for producing a composite color television signal 
from the information reproduced from magnetic tape. 
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A brief outline of some of the operational characteristics of the 
system follows : 

Tape speed is 20 feet per second; 

12 to 15 minutes of program, depending upon thickness of tape used, 

are contained on each 20-inch diameter reel of %-inch tape; 
The video amplifying and equalizing unit contains 75 tubes and the 

blanking inserter unit contains 38 tubes; 
Approximately 35 decibels of low-frequency boost and 38 decibels of 

of high-frequency peaking are incorporated in the reproducing 

equipment; 

The average useful head life is approximately 100 hours; 

A single tape can be erased and re-used at least 100 times without 

any perceptible deterioration; 
Print-through does not appear to be a problem. Tapes have been 

stored as long as several months without noticeable print-through; 
The total power drain of the complete system is approximately 3 

kilowatts ; 

The total plate current is supplied by five 300-volt regulated power 
supplies, and two 300-volt units supply the negative bias voltages; 

Approximately 15 seconds is required for the start-up and framing 
operations ; 

Test patterns with resolution of at least 250 lines can be recorded and 
reproduced ; 

Tape breakage does not appear to be a problem. In several months 
of operation no accidental tape breakages were encountered. 
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Part III — The Tape Transport Mechanism 

By 

A. R. Morgan and M. Artzt 

Section 1 — Tape Velocity Control Servomeehanisms 

Introduction 

IN THE recording and reproduction of television signals on magnetic 
tape, distortion of the signal can result from irregularities of 
tape motion during recording and reproduction. This form of 
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distortion results in an extraneous variation in frequency or phase of 
the components of the reproduced signal. The distortion is usually 
observed as extraneous horizontal motion of, or in, the reproduced 
television picture. If the tape motion irregularities occur at a slow 
rate, the picture will move as a whole. If the irregularities occur at 
a rapid rate, the effect is noticed as a waviness within the picture. 

This paper outlines the development of a tape transport mechanism 
with the best performance that available techniques of design and 
construction will permit. 

The Problem 

The specifications for the performance of the transport mechanism 
must be derived from considerations of the video electronic portion of 
the system, and the over-all performance that is required. The basic 
principle of the video electronic system as described in Part IT re- 
quires a tape motion that will produce a definite time relationship 
between the reproduced video signals and a local color synchronizing 
signal The horizontal and vertical blanking intervals of the repro- 
duced video signal are required to coincide with the horizontal and 
vertical synchronizing pulses, respectively, in the local color synchroniz- 
ing signal. 

It is evident that the horizontal coincidence is the primary problem 
for the tape transport mechanism. The horizontal jitter of the repro- 
duced picture is a direct measure of the accuracy of the horizontal 
concidence. The vertical coincidence is important, but once established, 
is maintained by the horizontal coincidence. 

It is of interest to estimate the accuracy of coincidence required 
between the horizontal synchronizing pulses. The inaccuracies of 
coincidence appear, as stated above, as horizontal displacements in the 
reproduced picture on the television kinescope. 

It would seem natural to compare the performance required of the 
tape equipment with the performance of commercial photographic 
motion picture equipment. The 1G millimeter motion picture per- 
formance appears to be acceptable in television installations, so the 
displacements that occur in a 16 millimeter projected picture can serve 
as an estimate for the performance of the tape transport mechanism. 
It can be shown 7 * 8 that the effective frame displacement of a 16- 
millimeter film corresponds to approximately ± one sixteenth inch 
in a picture the size of one found on a 21-inch television receiver. 



c^/tA; £' £°bcrtson, "dimensions of 16 MM Film in Exchanges," Jour. 
S.M.P.T.E., Vol. 57, p. 401, November, 1951. 

ctt/i^S* Streiffert, "The Radial-Tooth, Variable-Pitch Sprocket," Jour. 
S.M.P.T.E., Vol. 57, p. 529, December, 1951. 
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This horizontal displacement corresponds to approximately ± V 5 of a 
microsecond displacement of the reproduced horizontal synchronizing 
pulses with respect to the station horizontal synchronizing pulses. 
At a tape speed of 20 feet per second, the specified displacement cor- 
responds to a tape displacement of approximately 50 millionths of an 
inch. In the language of the sound recording art, the displacement 
limit would correspond to approximately 0.004 per cent "wow" at a 
30-cycle rate. This figure is at least an order of magnitude beyond 
the accepted performance of professional sound recording and repro- 
ducing machines. 

Whether or not this variation is acceptable must be determined 
by subjective observations. There can be no doubt, however, that 
the problem of controlling the horizontal stability to the degree in- 
dicated above is a critical one. 



The Approach 

Reproducing Tape Transport 

Early in the approach to the problem it was realized that the suc- 
cess of the magnetic tape system would depend, in large part, on the 
horizontal stability of the reproduced picture. It was decided, there- 
fore, to concentrate on the horizontal stability to the near exclusion 
of the vertical problem. This decision allows the tape transport specifi- 
cation to be restated in terms of the horizontal synchronizing pulses 
alone. The tape transport mechanism must function to maintain coin- 
cidence between the local and the reproduced horizontal synchronizing 
pulses, as shown in Figure 14. 
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Fig. 14 — The necessary relationship between reproduced and local syn- 
chronizing signals. 

It is important to realize that a constant speed mechanism will 
not provide the necessary performance. It must be assumed that the re- 
corded tape will contain irregularities that will require a complementary 
motion of the tape if the reproduced pulses are to have the desired 
relationship to the station pulses. In other words, the mechanism must 
be capable of rapid changes in speed. As an example, consider what 
the mechanism would be required to do with the discontinuity result- 
ing from a haphazard splice made in a previously recorded tape. 
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Fig. 15 — Basic servomechanism. 



A servomechanism in which the station synchronizing pulses are 
the input function and the reproduced synchronizing pulses are the out- 
put function would solve the problem. A block diagram for the basic 
servomechanism is shown in Figure 15. In this arrangement the error 
detector is a device that delivers a signal proportional to the difference 
of the input and output functions. For the present problem, the error 
would be the lack of coincidence between the two sets of synchronizing 
pulses. The controller includes that portion of the servomechanism 
which converts the error signal to a force that is used to drive the 
controlled mechanism. The controlled mechanism is that portion of 
the system which generates the output function. Here the controlled 
mechanism is that which transports the tape over the recording and 
reproducing heads. The basic servomechanism is a feedback arrange- 
ment and is, of course, arranged so that the feedback is negative. 

The next step is the selection of the components that will combine 
to make up the servomechanism. A discussion of this process of selec- 
tion is beyond the scope of this paper. Instead, the final choice of 
components with the salient reasons for the choice are given. 

It was first decided to obtain the power for driving the controlled 
mechanism directly from the 60-cycle line. This choice obviated the 
need for a high-power amplifier in the controller. The motor could 
then best be controlled by means of a variable mechanical load. 

With this broad concept, the servomechanism selected for the 
reproducing operation became as shown in Figure 16. The dotted 
rectangles indicate the basic division of the servomechanism. 

The controlled mechanism is made up with a three-phase induction 
motor and a directly coupled capstan. The three-phase motor was 
selected because of its inherent freedom from torque ripple. The con- 
troller is a combination of an amplifier and an eddy current brake or 
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Fig. 16— Practical servomechanism for the reproducing operatic 
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drag cup. The eddy current brake was selected because it provides 
a mechanical load that is smooth and rapidly changeable by means 
of a relatively small electric current. In fact, the ratio of mechanical 
power absorption to applied electrical power in a representative eddy 
current brake has been found to be better than 10 to 1. There is no 
mechanical wear in the eddy current brake so that excellent stability 
with time can be expected. The amplifier portion of the controller is 
a direct-current amplifier, and careful attention must be given to 
drift or extraneous signals generated within the amplifier. 

The error detector is required to determine the lack of coincidence 
between the two synchronizing signals. This type of detector is better 
known as a phase detector. In the selection of a phase detector, it 
was decided to apply pulse techniques for the sake of simplicity of 
construction. 

Theoretically, the servomechanism as outlined in Figures 15 and 
16 can reduce the error of coincidence between the two synchronizing 
signals regardless of the cause of the error. The causes of error can 
be irregularities in tape speed during recording, irregularities in- 
troduced during the storage of a recorded tape, and various irregu- 
larities encountered by the reproducing servomechanism (such as power 
variations, tape tension variations, etc.). 

Recording Tape Transport 

Obviously it is desirable to minimize or avoid the introduction 
of irregularities wherever possible. Irregularities of tape speed during 
recording should be minimized if for no other reason than to avoid 
overloading of the reproducing servomechanism. 

For practical reasons it is desirable that a single tape transport 
mechanism be capable either of recording or of reproducing a reel 
of tape. It is, therefore, necessary to examine the reproducing servo- 
mechanism to determine what changes will be required to obtain a 
desirable recording performance. 

To control the tape speed during recording, it is necessary to 
obtain a signal which is indicative of any irregularity in the tape 
speed. There appears to be no practical method by which the instanta- 
neous speed of unrecorded tape can be determined with the desired 
accuracy. The best practical procedure is to control the speed of the 
capstan and accept whatever irregularities may occur between the 
capstan and tape motions. In this procedure variations in capstan 
speed, due to power and tape tension variations, will be reduced. 

The necessary signal for indicating irregularities in the capstan 
speed can be derived from a magnetic tone generator attached to the 
capstan shaft. If a tone generator is added to the controlled mechanism 
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of the reproducing servomechanism and a few wiring changes are made, 
it becomes the recording servomechanism as shown in Figure 17. The 
operation of the recording servomechanism is essentially the same 
as that of the reproducing servomechanism with the exception that 
during recording the capstan speed is the output function. 
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Fig. 17 — Practical servomechanism for the recording operation. 



The tape transport mechanisms as outlined above are subject to 
the practical limitations of servomechanisms. Most servomechanisms 
can reduce but not eliminate the error. Only certain amounts and rates 
of error corrections can be achieved if a stable system is to be realized. 
The speed of response of a servomechanism is usually limited, in large 
part, by the inertia of the moving system. 

The Moving Head 

Because of the above limitations, some additional means for 
operating on the tape motion is desirable. 

Basically, it is the relative velocity between 4 the tape and the repro- 
ducing head which must be controlled to pi^oduce the desired relation- 
ship between the reproduced and the station synchronizing pulses. It 
is evident that this relative velocity can be controlled by moving the 
tape, by moving the head, or by moving both the tape and the head. 

Thus far, only control of the motion of the tape over a stationary 
head has been considered. Theoretically, it would appear that a 
similar result could be obtained by controlling the motion of a head 
along a stationary tape. The practical difficulties of such a procedure 
will not be discussed. Instead, a combination of the two procedures 
will be considered. 

If the movable reproducing head is considered as an adjunct to 
the tape transport mechanism, the moving head and its associated 
apparatus constitutes a separate servomechanism which is required 
to correct only the residual irregularities resulting from the tape 
transport servomechanism. Such a system is shown in Figure 18. 

This servomechanism is similar in principle to the servomechanism 
adopted for transporting the tape. The major difference is in the 
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electromechanical portions of the controller and controlled mechanisms. 
The configuration of the motor and mode of motion of the head were 
selected to complement the configuration of the head. The head is 
cylindrical in shape and the reproducing gaps are located on the 
periphery of the cylinder, parallel to the axis of the cylinder. It is 
desirable that the motion of the movable head introduce a minimum 
of disturbance into the actual motion of the tape; such is the case 
if a cylindrical head is rotated about its axis. The desired motion of 
the gap along the length of the tape is also obtained by a rotational 
motion of the head. The movable head moving system becomes, there- 
fore, a rotational vibrating system. 
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Fig. 18 — Basic movable head servomechanism. 

It is desirable that the vibrating system have a single degree of 
freedom; consequently, a rigidly coupled motor and moving head 
structure with a single centering compliance has been employed as the 
basic vibrating system. The final arrangement is shown schematically 
in Figure 19. The motor used to drive the movable head is a balanced 
magnetic driving unit." The armature is coupled to the moving head 
by means of a rigid nonmagnetic shaft. The shaft is pivoted on its 
axis by two knife-edge bearings. Two rubber pads are held in com- 
pression against the shaft. These rubber pads serve the double pur- 
pose of holding the knife edge bearings in contact and of supplying 
the compliance for holding the motor armature central between the 
motor pole pieces. The arrangement shown in Figure 19 allows a 
current in the motor driving coils to rotate the reproducing head about 
its central axis. 

Complete Recording-Reproducing Tape Transport Mechanism 

In the final over-all arrangement of the tape transport mechanism, 
it is necessary to consider the practical aspects of combining the 
servomechanisms, switching between recording and reproducing opera- 
tion, and combining the tape transport with the video electronic 
system. A satisfactory arrangement is shown schematically in Figure 
20. 



9 H. F. Olson, Dynamical Analogies, D. Van Nostrand, 1943, p. 134. 
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Fig. 19 — Movable head mechanical system. 
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Fig. 20 — Schematic arrangement of servomechanisms for recording- 
reproducing operations. 
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The recording operation will be described first. The several double- 
throw switches are thrown to the recording, or "R," position. The 
input signals are then connected to the recording head, and the tone 
generator is connected into the tape transporting servomechanism. 
There are several practical aspects of the capstan drive which must 
be considered. It is impractical to construct a tone generator for a 
frequency as high as the horizontal synchronizing pulse rate. Since 
a phase detector can most easily compare signals of the same frequency 
or pulse rate, it is desirable to derive a lower pulse rate reference 
signal for the capstan servomechanism. This lower frequency or pulse 
rate signal is derived from the horizontal synchronizing pulses by 
means of a counter type of frequency divider. This type of frequency 
divider has the advantage of delivering a signal which has a definite 
and constant time relationship with the divider input pulses. For 
recording purposes, therefore, a frequency divider is inserted between 
the source of the horizontal synchronizing pulses and the tape transport 
phase detector, as shown in Figure 20. Because the phase detector is 
designed to operate on pulses, a pulse shaper is required to convert 
the near sine-wave shape of the tone generator signal to a rectangular 
pulse. 

In the reproducing operation, the tape transport will be considered 
first. The several double-throw switches are thrown to the reproduce, 
or "P" (for playback), position. Since the tape transport and moving 
head servomechanisms are to be operated as separate assemblies, a 
separate reproducing head is required for the tape transport servo- 
mechanism. The recording head is available for this purpose during 
tape reproduction. In fact, it is a desirable safety precaution to 
switch the recording head away from the input signals during the 
reproducing operation. A switch is provided, therefore, to connect 
the synchronizing pulse channel of the recording head to the tape trans- 
porting servomechanism during the reproducing operation. 

Again the problem of pulse rates supplied to the capstan phase 
detector arises; the reproduced pulses from the recording head do not 
agree in frequency with the pulses from the first-described frequency 
divider. For reasons that are too lengthy to discuss here, it was 
decided to employ a second frequency divider, identical to the first, 
to solve the problem. 

Tape-reproduced signals are subject to momentary losses of signal 
due to flaws in the tape coating. These flaws appear to be present, to 
a varying degree, in all tapes. The effect of the flaws on the signal 
is now commonly called a "drop-out." The effect of a drop-out on the 
tape transporting mechanism is rather severe. The frequency divider is, 
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particularly vulnerable to drop-outs. Since the frequency divider 
functions by counting pulses, a missing pulse will delay the operation 
of the divider and produce a jump in the phase of the output signal. 
The effect is the same as if the tape were momentarily stopped during 
its normal motion. The servomechanism will behave accordingly and 
introduce a severe irregularity into the motion of the tape. Since it 
appears, at present, that little can be done to prevent the occurrence 
of drop-outs, a way must be found to supply the missing pulses during 
a drop-out. A method for supplying the missing pulses has been 
found in the form of an oscillator which is tightly locked to the re- 
produced synchronizing pulses. During a drop-out the oscillator sup- 
plies the missing pulses. The accuracy in timing of the oscillator- 
supplied pulses during a drop-out is dependent on the drift of the 
oscillator. Fortunately, the duration of the usual drop-out is very 
short; a stable oscillator does not, therefore, have time to drift a 
significant amount. One requirement of the oscillator is that it 
must be capable of following and passing on the phase or timing 
information contained in the reproduced synchronizing pulses. The 
drop-out eliminator is placed between the recording head and the 
frequency divider, as shown in Figure 20. 

During the recording operation, it is desirable to monitor the 
newly recorded tracks so that proper adjustments of the recording 
facilities can be made. This combination of recording with monitor- 
ing has been named "simultaneous playback" or "immediate play- 
back." It requires that the reproducing head follow the recording 
head as encountered by the tape. 

The spacing between the reproducing head and the recording head 
is important. For the tape reproducing operation (switches at "P" 
in Figure 20), the tape transport servomechanism establishes a sub- 
stantially constant phase relationship between the station horizontal 
synchronizing signal and the reproduced synchronizing signal from 
the recording head. Suppose for the moment that the movable repro- 
ducing head is stationary. The reproduced synchronizing signal from 
the movable head then has similarly constant phase relationship with 
the station synchronizing signal. The average phase relationship 
between the station pulses and movable head pulses is dependent on 
the spacing between the movable head and the recording head. Con- 
sequently, the spacing must be adjustable to obtain the desired average 
phase relationship. The desired phase relationship is obtained for 
integral wavelength spacings between the heads. In order to minimize 
the effects of storage changes in dimension of a recorded tape, it is 
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important that the distance between the two heads be the minimum 
that physical dimensions will allow. 

When the proper movable head position has been established, the 
movable head servomechanism is placed in operation. For proper 
operation of the servomechanism it is necessary to consider the phase 
relationship between the two signals that will be applied to the movable 
head phase detector. It is preferable that the phase detector operate 
in the central region of its linear range. For most phase detectors, it 
is found that the central region of the linear range-corresponds to an 
appreciable phase displacement between the input signals. For this 
reason, a variable pulse delay or phase shifting network is inserted 
between the station synchronizing signal source and the movable head 
phase detector, as shown in Figure 20. This permits the pulse require- 
ments at the output of the movable head to be at variance with the 
preferred phase requirements at the phase detector. 

The station horizontal synchronizing pulses supplied to the various 
parts of the tape transport mechanism must meet rigid requirements. 
These pulses "provide the goal," or "show the way/' for the servo- 
mechanism. They should, therefore, be an accurate representation 
of the desired performance of the tape transport. 

It will be recalled that a decision was made to reduce the tape 
transport problem to a consideration of the horizontal synchronizing 
pulses alone. It has been assumed that these pulses are continuous, 
and the tape transport system was designed accordingly. The station 
horizontal synchronizing pulses must be free of any extraneous timing 
irregularities. 

In applications of the magnetic tape system where the color 
synchronizing pulse generator is available, the horizontal drive output 
of the generator is adequate as a source of horizontal synchronizing 
pulses for the tape transport mechanism. If the color synchronizing 
pulse generator is not available, as is the case in remote pickup 
operations, the horizontal synchronizing pulses must be derived from 
the color television signal. The composite synchronizing signal is 
not satisfactory since the vertical equalizing pulses interfere with 
the operation of the tape transport system servomechanisms. In fact, 
a concerted effort is required to eliminate any semblance of the vertical 
pulse in the derived horizontal pulses. 

Another problem in the over-all arrangement of the tape transport 
mechanism is the attainment of vertical coincidence between the repro- 
duced signals and the station synchronizing signal. In the present 
equipment, vertical coincidence is obtained manually. At the start 
of reproducing a reel of tape, the capstan motor is turned on and 
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the capstan servomechanism is disabled. This allows the tape to be 
transported at an improper velocity so that the reproduced signals 
will "crawl" with respect to the station synchronizing signal. One 
needs only to watch the reproduced picture until it is "framed," indicat- 
ing the proper coincidence, and then snap the servomechanism into 
operation. As has been stated previously, the horizontal pulses 
assume control and maintain the complete coincidence. 

Mechanical Design 
Tape Transport Mechanism. 

The mechanical design of the tape transport components calls 
for extreme attention to any detail that might introduce irregularities 
in the transport performance. Since longitudinal tape displacements 
of tens of microinches cause serious picture jitter, the full import of 
precision in the machine work can be appreciated. 

The eddy current brake is a major item in the capstan drive 
mechanism and, as shown later, is also important in the reel drive 
units. Figure 21 is a photograph of the brake components. On the 




Fig. 21 — Eddy-current brake components. 



left is the field structure which is an eight-pole laminated steel core 
with intersperced windings. The windings are arranged to provide 
alternate north and south magnetic poles around the core. The eddy 
current brake cup, on the right, is a soft steel cup with a thin layer 
of copper on its inner cylindrical surface. In operation, the cup sur- 
rounds the field structure and the copper layer becomes the primary 
carrier of the eddy currents. The copper layer must, therefore, be 
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uniform in thickness and in conductivity. The thickness is maintained 
by accurate machine work and the conductivity by care in plating the 
copper on the steel cup. 

The capstan spindle is shown in Figure 22. For comparison the 
movable head spindle is also shown. As the extreme left of the capstan 
spindle the tone generator rotor may be seen. Next to the right is 
the cup portion of the eddy current brake. To the right of the eddy 
current brake cup is the motor armature. Finally at the extreme 
right is the capstan roller. 

In the construction of the capstan spindle, the primary concern 
was with the dynamic balance of the assembly, and with any form of 
run-out of the various cylindrical surfaces. 




^j? 1 * M. ^',11'"' 

Fig. 22 — Capstan spindle (above) and the movable head spindle (below). 

The tone generator rotor has a large number of teeth that rotate 
in a magnetic stator, thus generating a signal, the frequency of which 
is indicative of the rotor speed. Obviously, if there is to be a true 
correspendence between the frequency and the speed, the teeth must be 
uniformly spaced around the rotor. The shape of the teeth is not im- 
portant, but they must all be identical. 

The eddy current brake cup makes up a large part of the inertia 
of the capstan spindle. It is necessary, therefore, to insure that the 
cup has accurate dynamic balance. 

The motor armature was obtained from a commercial three-phase 
motor. An independent balancing procedure was applied to the arma- 
ture for a dual purpose. First, it resulted in the desired balance 
condition, and second, it provided a check on possible physical flaws in 
the armature. 

The capstan roller has a subtle importance in its relation to the 
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spindle. Ail of the care spent on the rest of the spindle is lost if the 
capstan roller periphery has run-out in the complete tape transport 
assembly. In other words, the capstan periphery must be absolutely 
concentric with the spindle bearing surfaces. 

There are two capstan spindle bearings, one between the tone genera- 
tor and the eddy current brake cup, and the other between the motor 
armature and the capstan roller. These bearings determine the 
accuracy with which the capstan spindle turns about its axis. Resort 
was made to the techniques applied to low-clearance precision grind- 
ing spindles. A self-aligning sleeve bearing with forced lubrication 
was adopted. 

The final consideration in the design of the capstan spindle is 
rigidity of the structure. Compliance in the spindle shaft can allow 
relative motion between the capstan roller and the tone generator. 
Compliances between the various components of the spindle com- 
plicate the stability considerations in the associated servomechanism. 
It is desirable, therefore, to reduce the shaft compliances to an in- 
significant value. 

Movable Head Mechanism 

As shown in Figure 22, the movable head spindle consists of a 
motor armature on the left coupled by means of a shaft to the 
magnetic reproducing head on the right. The motor armature is a 
laminated steel structure, shaped to minimize its moment of inertia. 
The coupling shaft is nonmagnetic stainless steel to minimize the 
magnetic coupling between the motor and the reproducing head. The 
reproducing head is fastened to the coupling shaft in an easily 
demountable fashion, thus facilitating replacement of the head. 

In the movable head spindle it is important that adequate stiffness 
be built into the coupling shaft. Any reasonances in the structure 
must be at frequencies well above the expected operating frequency 
ranges of the movable head servomechanism. 

In connection with the speeds of response of the tape transport 
servomechanism and the movable head servomechanism, it is interest- 
ing to compare the two structures shown in Figure 22. There can be 
little doubt that the moments of inertia of the two structures will 
be vastly different. One can easily visualize the possibility of higher 
speeds of response with the movable head system then with the capstan 
system. Indeed, that was the original surmise in adding the movable 
head system to the tape transport mechanism. 

Complete Tape Transport Mechanism. 

The mechanical arrangement of the complete tape transport mech- 
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anism is depicted in Figure 23. The tape leaves the supply reel and 
passes over an erase magnet, a tension sensing arm, a guide roller, 
the video record and reproduce heads, the capstan, the audio record 
and reproduce heads, a tension sensing arm, the tape end sensor or 
power shut-off signal generator, and finally to the take-up reel. 

The mechanical arrangement of the tape transport mechanism is 
shown in Figure 8. The tape can be seen as it enters the picture from 
the first guide roller. The tape is shown bearing on the erase magnet. 

EDDY 




Fig. 23 — Schematic representation of mechanical arrangement. 



The erase magnet incorporates a permanent magnet to provide a 
strong longitudinal flux pattern in the region of the tape. 

The guide roller just prior to the video record and reproduce 
heads establishes the path of the tape over the heads. The concurrance 
of the recorded tracks on the tape and the reproducing units in the 
reproduce head is dependent on accurate lateral guiding of the tape. 
All of the guide rollers are accurately machined for close fit with the 
tape. The roller spindles have an adjustment for accurate lateral 
positioning of the tape. 

The structure for holding the video heads in proper position is 
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seen centrally in the photograph. This structure has been named 
"the video head turret." The turret provides for a number of in- 
dependent adjustments of the position of either video head. Lateral 
across the tape and turning within the tape wrap are set-leave adjust- 
ments for either head. Azimuth adjustment is set-leave for the 
record head, but is readily available for finger tip adjustment on the 
reproduce head. Finger tip adjustment is provided for the spacing 
between the record and reproduce head. The tape wrap angle on the 
video heads is adjustable by raising or lowering the whole structure. 

The capstan roller (with hexagonal nut) is seen just to the right 
of the video head turret. 

The pressure roller and arm is located above and to the right of 
the capstan roller. The pressure roller is a rubber-tired roller which 
is lowered to press the tape in contact with the capstan. This roller 
must, of course, be particularly free of run-out. The rubber tire must 
be very uniform in density and compliance. The axis of the pressure 
roller must be accurately parallel to the capstan axis, otherwise the 
tape will skew at the pressure point. Adjustments have been provided 
to allow accurate orientation of the pressure roller bearing axis. 

The audio record and reproduce heads are seen to the right and 
below the capstan roller. Both audio heads have independent adjust- 
ments in position as described for the video heads. The audio head 
turret is simpler in construction, partly because both heads are 
stationary and partly because the audio head position adjustment is 
not so critical and set-leave adjustments are satisfactory. 

Acknowledgment 
Credit is due to George Kasyk for his contribution to the design 
of the mechanical parts of the present system. 

Section 2 — Keel Control Systems and Motor Regulators 

Introduction 

The preceding description of the transport mechanism dealt 
largely with synchronizing the capstan and tape to the horizontal 
drive signal of the television system. The effectiveness of this syn- 
chronizing system will depend on the relationship of its built-in ac- 
curacy to any changes in loading or drive torque. This may be stated 
in another way— that as the work required of the synchronizing system 
is reduced, the accuracy will increase. 

In the mechanism under consideration, changes in loading are 
avoided as far as possible, by regulating the tension of the tape so 
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as to be constant. Changes in drive are also avoided by regulating 
the three-phase supply to the capstan motor. If both of these regulators 
performed without error, there would be no work for the synchronizing 
system after it had established its lock-in position with respect to 
the television synchronizing generator, and the system would come 
to a steady-state value depending on the steady load involved. 

An additional reason for regulating tape tension on the input side 
of the capstan is that the tape has some resilience. Changes in tension 
will, therefore, have the same effect as moving the video heads or 
changing the tape velocity. This will be reflected in accuracy of phase 
comparison and synchronization. 

Reel Servomechanism System 

Two different systems have been developed for controlling tape 
tension. Both are described, and equipments of both types have been 
used. Each has advantages and disadvantages, and a direct answer 
as to which is the better cannot be given at this time. 

The tape is unwound from a reel which has some form of variable 
braking action applied, and after passing over the video heads, is 
pulled by the capstan at a fixed speed of 20 feet per second. From the 
output side of the capstan it passes over the sound head, and is then 
wound up on a motor driven take-up reel. A full reel of tape rotates at 
about 230 r.p.m. for a tape speed of 20 feet per second and an empty 
reel with 8% inch diameter core rotates at about 540 r.p.m. 

The reels are slowly but constantly changing their speeds between 
these two limits, and at the same time are changing in weights and 
rotational energies. For a constant tension in the supply side of the 
capstan, the braking torque applied to the reel must be directly pro- 
portional to the radius of the tape roll at that instant. Likewise, the 
torque of the motor on the take-up reel must be directly proportional 
to the radius at any instant. 

The reels have been made as light as possible by using magnesium 
hubs and side plates so as to reduce the stored kinetic energy and 
improve the tension control action. In addition, rather large hubs have 
been used so as to limit the ratio of maximum to minimum speed. This is 
a safety measure as well as a means of reducing the range of control 
required. If the core were reduced to 4 inches, the increase in tape 
storage would be 17 per cent, but the maximum reel speed would 
increase from 540 to 1150 r.p.m. A 20-inch disc rotating at this 
speed would be too dangerous to leave open and unprotected. 

The side plates of the reel are separate from the hub, and it has 
been found that a properly wound roll is self supporting and can be 
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handled, stored and placed on the supply shaft without spilling. How- 
ever, side plates are used on the take-up spindle as a safety measure 
in case of tape breakage or other accidents while running. 

Sensing Control of Tension 
The most obvious method of controlling tension on either reel is 
to pull the tape over a sensing arm which is spring biased so as to 
indicate by position the tension in the tape. Error signals generated 
by this arm will indicate plus or minus errors in tension from the 
center position. These signals may then be used to increase or de- 
crease tension and thus restore the arm to its mid-position. This is 
the method used in the present equipment. 

EDDY CURRENT 




PHASE ADVANCE NETWORK 

Fig. 24 — Optical sensing of tape tension. 



Such a system is shown in Figure 24, and the same mechanism 
and circuit is used for either braking the supply reel or driving the 
take-up reel. For take-up action, the stator windings of the eddy 
current brake are motor driven in the same direction as the tape so 
the eddy current brake acts as a clutch to supply the variable take-up 
torque. For the supply reel, the stator is either motor driven in the 
reverse direction or blocked, and the eddy current cup acts as a brake. 

Mechanically, each reel drive consists of a free running reel shaft 
to which is attached an eddy current cup similar to that used for 
braking the capstan motor. The electromagnetic field structure is 
mounted on the shaft of a three-phase induction motor so that it can 
rotate separately inside the cup, and the coil leads are brought out 
to slip rings. 

Several types of sensing arms have been tried; one of the most 
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satisfactory uses optical indication of arm position. The arms are 
of very light stainless steel tubing pivoted on ball bearings, and hold- 
ing a tape slide at the end. Travel is limited to about 3 inches of 
motion at the end by rubber bumpers, and the arm is spring loaded to 
one end of its travel. A shutter or light vane is attached to the arm 
near its pivot and moves into or out of the light path between a low 
wattage pilot lamp and a photocell. The photocell output current then 
varies with angular position of the sensing arm, and is at mid value 
when the arm is in its center operating position. 

A two-stage d-c amplifier is connected between the phototube 
signal output and the brake or clutch coils. This amplifier has one 
high-gain voltage amplifier stage and an output stage capable of 
supplying a maximum of at least 200 milliamperes into the brake 
coils. The last but not least important part of the circuit is a phase 
advancing network connected between the photocell output and the 
amplifier input. This circuit allows a higher over-all feedback gain 
to be used without hunting, and thus increases the accuracy with 
which the arm position is maintained. 

In operation, the spring loading of the sensing arm is set to the 
value for correct tension in the tape when it is in mid-range. The gain 
of the d-c amplifier is then increased to the maximum usable value 
without causing hunting, and the over-all feedback then tends to 
maintain the arm in its center position. The angle of phase advance 
in the anti-hunting network is also adjusted for the greatest stability 
of operation. In the system as used here, the tape tension is main- 
tained to considerably less than 1 per cent error over the entire speed 
changes of the reels. Tension on the supply reel side of the capstan 
is the more critical because the video heads are located here. Take-up 
tension is usually set somewhat higher than supply tension, and thus 
actually aids the capstan motor a small amount. 

The sensing arms provide resilience between the reels and the 
capstan. This resilience has been found necessary to prevent the 
tape from being pulled off the capstan or occasionally broken under 
transient conditions. This is especially true during the rather violent 
transient of starting. There are unavoidable differences in inertia 
of reels and capstan and also differences in transient response which 
can rapidly change the length of free tape between the two. Thus 
transients tend to tighten the tape or build up an uncontrolled free 
loop. The limits of arm movement must be sufficient to take care of 
such transients, and the arm must also be light enough to follow all 
tape movements exactly and never let the tap out of control even 
momentarily. 
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From this reasoning it also follows that the acceleration of the 
take-up reel must be at least as rapid as the acceleration of the 
capstan motor in starting, or it will not take up the tape as fast as 
it is being- delivered. This is the reason for using a high torque 
motor and clutch on the take-up system, even though under actual 
running conditions only about 1/30 horse power is required. In the 
interest of uniformity of parts, the same machine was first used for 
the supply reel brake, though its full power was never required in this 
service. Later the reversed motor was eliminated and only the brake 
was used with magnetic coils stationary. 

Constant Power Regulation op Tension 

A second method of regulating tension in the tape is to take 
advantage of the fact that the tape speed is constant, and if its 
tension is also constant, then the power supplied into or out of the 
tape will be some fixed value. Any type of regulator on the supply 
reel brake which makes this brake absorb a constant mechanical 
power at all speeds will be regulating the tape to a constant tension. 
Similarly, any regulator on the take-up motor which forces this motor 
to deliver a constant mechanical power output at all speeds will 
also be regulating the take-up tension. A system using standard d-c 
shunt motors has been devised which performs these functions. 

The supply reel brake shown in Figure 25 is the simpler of the 
two methods. The reel is mounted on the shaft of a d-c motor which 
is used as a generator supplying power into a resistance load. The 
voltage supplied to this resistive load is compared with a standard 
d-c voltage, in the form of a tap across a glow-tube regulator, and a 
high-gain amplifier uses this error voltage to control the field current 
of the generator and maintain the generator voltage constant. With 
a fixed load resistor, this also establishes the generator load current 
at a constant value, and thus the generator becomes a constant power 

* 300V 
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Fig. 25 — Constant power supply-reel brake. 
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absorber or brake. The internal resistance of the armature and 
brushes form part of the generator load, so the machine should be 
chosen for low armature and brush resistance. Even then there will 
be a slow decrease in load as the machine windings warm up and 
increase in resistance. As long as this is a slow and smooth change, 
no bad effects can be noticed. Rapid changes, such as might be caused 
by erratic brush contacts must be carefully avoided by a regular clean- 
ing of commutator and brushes. 

This type of brake load has no sensing arm, and therefore does 
not introduce resilience in the tape path from reel to capstan. How- 
ever, in operation it was soon found that a spring-mounted tape guide 
was necessary to supply the quick take up or release of tape that is 
required in snubbing out a transient. 

The take-up motor drive, as shown in Figure 26, is similar to the 
supply reel system except that here power is fed into the d-c machine 
instead of being drawn from it. Both current and voltage fed to the 
armature are regulated to fixed values so that the mechanical power 
output is constant. A current regulator is connected in series with 
the armature and holds the armature current to some fixed value 
whether the motor is stalled or running at any speed over a wide range. 
The voltage as read by a meter across the brushes will then be the 
sum of the generated back EMF of the motor and the IR drop of the 
armature current flowing through the armature and brush resistance. 
This second voltage is constant since the current is held constant, 
so the meter reading would be the back EMF plus a fixed voltage. 
Now a second feedback circuit is added that is almost identical to 
that used for field control of the generator brake circuit. This feed- 
back controls the motor field to maintain a constant brush to brush 
voltage on the armature, and thereby make the back EMF of the motor 
constant. 

Since the mechanical power output of a d-c motor is the product of 
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Fig. 26 — Constant power take-up reel motor. 
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back EMF and armature current, the motor will have a constant 
power output at any speed over the regulating range. The field is 
automatically adjusted to hold this condition as the speed changes 
during windup. 

On this side of the capstan the resilience of the tape path is not 
too important, so the equipment using this particular take-up does 
not have extra resilience added. 

Automatic Start and Stop Features 
Starting and stopping the complete transport system involves a 
rather complicated system of contactors set for various times of 
closing or opening. Only a few of the main features can be mentioned 
here. 

The capstan motor is started through series resistors to limit its 
acceleration to a value the take-up reel motor can meet. After a time 
delay of approximately 3 seconds these resistors are shorted out and 
brake synchronizing applied to the capstan. About 3 or 4 seconds 
later all servos have settled down to normal running conditions. 

Stopping can be initiated by push button or by a tape indicator. 
A small lamp and photocell indicator is placed in the tape path near 
the take-up reel. As long as tape is in the machine the cell is dark, 
and a stop relay remains in a non-operate position. When the tape is 
missing, the phototube receives light and trips this stop relay. This 
indicator is shown on the lower right of Figure 8. 

In stopping, the capstan motor and its control brake are first 
turned off, and the drive motor of the supply reel brake is turned 
off to allow this empty reel to coast to a stop. At the same time 
the drive motor of the take-up reel is "plugged" or switched to 
reverse to stop the reel quickly. A rotation direction feeler riding 
this reel shaft turns off the motor when the reel passes through zero 
speed and starts to reverse. The depressor on the capstan is lifted 
by hand, and the machine is ready to rethread. 

Regulation of Capstan Motor Supply 
In addition to the other regulators, a regulator for the three-phase 
supply to the capstan motor has been provided. A three-phase induc- 
tion motor is used because such a motor has zero torque ripple when 
both line and motor are perfectly balanced in voltage and phase angles. 

It can be shown that an unbalance in voltage only of one phase of 
the line will produce a torque ripple of approximately the same per- 
centage as the voltage unbalance. If the voltages are held constant 
and the 120° angles unbalanced, the torque ripple produced will be 
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nearly twice the percentage of angular unbalance. Therefore, angular 
balance in the motor supply is in effect twice as important as voltage 
balance. 

One solution to the problem was found in using a motor-alternator 
set to supply capstan only. Here a three-phase synchronous motor 
is used to drive a three-phase synchronous alternator and the net 
result is that any angular or voltage unbalances in the power line 
is mechanically averaged into all three phases of the alternator. A 
perfect angular and voltage balance can thus be maintained. This 
has proved a satisfactory solution to the problem, but is bulky and 
noisy, and therefore an electronic regulator is still desirable. 




Fig. 27 — Three-phase voltage and waveform regulator. 



One form of regulator, which holds both voltage and angular 
balance, is shown in Figure 27. This regulator also filters out higher 
harmonics to leave practically pure 60-cycle output. Basically, each 
line to neutral load is fed by a bridge circuit. The voltage is stepped 
up 15 volts or so and then dropped by approximately the same amount 
by a series resistor. If the input voltage and output are then exactly 
the same, there will be zero voltage across the secondary of the line-in to 
line-out transformer which is the output transformer of the regulating 
amplifier. 

A standard a-c voltage is now developed in a manner described 
later that is pure in waveshape, constant in amplitude, and in-phase 
with phase 1 of the three-phase line. This standard voltage is sub- 
tracted from the regulator output to obtain an error signal that will 
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represent in voltage, phase, and harmonic content the amount by 
which the output fails to meet this standard. A feedback amplifier 
then supplies this error voltage to the regulator output at such a 
polarity as to cancel the error and tend to make the difference zero. 
The net result is that the output is made to agree with the standard 
to within a small fraction of 1 per cent, and this is a dynamic com- 
parison with a high speed of response at all times during each cycle. 
The response time is practically instantaneous with respect to 60 
cycles. 

In a three-phase regulator, three identical single-phase units are 
used, but the standards of comparison for phases 2 and 3 are derived 
from phase 1 so that their phase angles can be accurately set at 120° 
and 240° from phase 1. The angles of the power line may then wander 
over a number of degrees from true balance while the regulated out- 
puts are held at the fixed separation angles of the standard. This 
requires the amplifiers to deliver both in-phase and reactive power to 
the loads, but this is automatically accomplished in the feedback 
system. The only requirement is that the output stage be capable of 
supplying the sum of in-phase and reactive power by which the required 
output differs from that supplied directly by the line. An output 
stage for each phase having output capabilities of 10 per cent of the 
load power of each phase will give a very wide control range. 

Several types of three-phase standards have been used. One form 
consists of a 60-cycle oscillator of very pure wave form and auto-gain 
control for amplitude constancy. This is locked in phase with phase 
1 and ± 120° phase networks are used to obtain phase 2 and phase 
3 standards. Another consists of using a 1/100 horse power syn- 
chronous motor driving a small, permanent-magnet field, three-phase 
alternator. This second method has proved the simplest and most 
accurate. 

In performance, a regulator has been designed to supply the 250 
watts required by the capstan motor. This regulator holds line-to- 
neutral voltages at 120 volts ± .25 per cent and line-to-line voltages 
at 208 volts ± .25 per cent over the range of 120 ± 15 volts change on 
any or all 3 lines. Under any combination of input voltages indicated 
above, and no load to full load on all or any single phase, the total 
harmonic content of the output of any phase is less than 0.3 per cent, 
and maximum observable transient response time less than % cycle. 

Section III — Performance and Conclusions 

Performance 

Performance of the complete tape transport mechanism is best 
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judged by observations of the reproduced picture on a television 
receiver. The results of observations on a 21 -inch television receiver 
are described in the following paragraphs. 

The result of irregularities in the tape motion were seen as a 
waviness in the vertical lines of the picture. This waviness has been 
observed to range from barely perceptible to a peak-to-peak amplitude 
of approximately ± 1/16 inch. The shape of the waviness appeared to 
range from a periodic 120-cycle wave to a random shape having 
frequency components as high as several thousand cycles. As might 
be expected, the higher frequency components were very small in 
amplitude. 

There appears to be a definite relationship between the picture 
waviness and the condition of the tape as it passes through the 
mechanism. Occasionally a section of tape has been observed to have 
a serpentine or curved shape along its length. The attempt to guide 
such a tape in a straight line through the mechanism results in serious 
"picking" at the guide roller flanges, and even though guided, the 
curved tape will skew over the magnetic heads. Such a condition 
causes serious waviness in the reproduced pictures. Other sections 
of tape have been encountered where odd coating surface conditions 
have caused what appears to be a stickiness between the tape and the 
magnetic heads. This effect results in a large amount of a random 
waviness of the picture. 

The playing time of a full 20-inch reel of tape, with a tape speed 
of 20 feet per second, is dependent on the thickness of tape. The 
popular 1% mil based tape gives a playing time of approximately 8 
minutes. The advent of Mylar* has permitted the manufacture of 
thinner tapes. With % mil based Mylar tape a playing time of 15 
minutes per reel of tape is obtained. A full reel weighs approximately 
7 pounds. 

The starting time of the tape transport mechanism is about 6 
seconds to the instant that the capstan servomechanism "locks up." 
Some additional time must be taken to manually establish the vertical 
framing. This additional time is partly dependent on the skill of the 
operator, but is usually about 8 to 9 seconds. In other words, approxi- 
mately 15 seconds are required to place the tape transport in proper 
operation. 

Conclusions 

With regard to the effects of irregularities in tape motion, it is 

' Registered trade-mark of E. I. duPont de Nemours & Company, 
Wilmington, Del. 
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concluded that the present tape transport mechanism will reproduce 
a television picture, the steadiness of which will compare favorably 
with that of studio motion picture equipments. It is concluded further 
that the best available techniques of design and construction must 
be applied to the tape transport if satisfactory performance is to 
be obtained. 



Part IV — The Magnetic Head* 

P>Y 

J. A. Zenel 



Basic Requirements for a Video Head 

HEN work on the magnetic head was begun, the goal was 
the development of a head which would permit the direct, 
wide-band recording of television signals on magnetic tape. 
A new head was necessary because of the obvious futility of attempt- 
ing to record video by extending the range of audio equipment. Since 
current-day audio equipment contains heads which are representative 
of the state of the magnetic recording art at the time the develop- 
ment was begun, the discussion that follows is based on the performance 
of such equipment. 10 

As is generally known, the upper frequency limit of an audio 
recorder, at a given tape speed, is primarily determined by the resolu- 
tion capabilities of the magnetic head. The maximum information 
that audio magnetic heads can resolve is about 2,000 cycles per lineal 
inch. This means that an audio recorder has to be run at a tape speed 
of about 8 inches per second if response at 16,000 cycles per second is 
desired. Now if an attempt were to be made to record frequencies 
beyond 3 megacycles per second, a tape speed 200 times greater— 1,600 
inches per second, or about 90 miles per hour- -would be necessary. 
The first requirement for a video head, therefore, is that it must be 
able to resolve five to ten times as much per lineal inch if the tape 
speed of the video recorder is to be kept within reasonable bounds. 

Thus far, only the resolving ability of the audio head has been con- 
sidered. Since this ability is a function only of the geometry of the 
head, the electrical behavior must be separately taken into account. 
Some audio heads could probably be used up to about 100,000 cycles 

^*w i ^R art contains the essential portion of a thesis submitted in 
partial fulfillment of the requirements for the degree of Master of Science 
in Engineering from Princeton University, 1956. 

10 S. J. Begun, Magnetic Recording, Murray Hill Books, 1940. 
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with higher tape speeds. This upper limit is determined by electrical 
losses of various kinds within the audio head— losses which bear no 
direct relation to the resolving ability. But since video signals include 
frequencies beyond 3 megacycles, the second requirement for a video 
head becomes apparent ; it must be able to perform, from an electrical 
viewpoint, over the entire video range. In specific terms, it must pre- 
sent a reasonable impedance from about 400 cycles to about 3.5 
megacycles, a span of about 13 octaves, compared to the 8 octaves 
within the audio range. It must be free of resonances within this 
range, and energy losses must be small so that the head will not be 
physically damaged. 

The two requirements so far discussed are basic to the problem 
of direct video recording. In the course of the work, it was discovered 
that the high-frequency performance of a given record head varies as a 
function of bias. The present system overcomes this difficulty by 
providing separate tracks for the low-frequency and high-frequency 
components of the television signal. Hence, another requirement must 
be satisfied: the elemental video head must be of such design that a 
number of these elements can be built into a single package. This 
entailed new difficulties, such as keeping all the gaps in line, making 
all the elements equally sensitive, etc. 

The over-all system imposes other requirements, but since they 
are of secondary importance, they need not be considered here. 

Development of the Video Head 
In general, the resolution of a magnetic head depends on the gap 
length. It was found possible to devise a head having an extremely 
short gap structure in which the shunt area — the area of contact 
between the pole faces— was very small. The resulting head proved 
sensitive enough to provide the desired resolution. The structure 
devised showed promise of satisfying not only the two basic require- 
ments, namely, more resolution and wider frequency range, but also 
of being adaptable to multiple-element construction. The basic struc- 
ture, even when incorporated in a multiple head, provided the per- 
formance necessary for recording and reproducing signals at fre- 
quencies covering most of the video spectrum at a tape speed of 20 
feet per second. 

Electrical Performance of the Video Head 
The video head, in its present state of development, can record and 
reproduce more than 15,000 cycles per lineal inch. The upper frequency 
limit is about 3,500,000 cycles per second, at a tape speed of 20 feet per 
second. 
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Figure 28 shows the response of the head when used with a tape 
moving at 20 feet per second. Curve A, which extends from about 400 
cycles to about 1.5 megacycles, was taken at fixed operating conditions; 
the bias and signal were adjusted for best response at 1,000 cycles. 
Curve A represents the available output at the lower frequencies 
under practical operating conditions. However, under such conditions, 
the high-frequency response suffers. Curve B was also taken at fixed 
operating conditions; bias and signal were adjusted for best response 
at 1 megacycle. (Curve B was not plotted below 1 megacycle because 
distortion, caused by using no bias while operating over a large part 
of the dynamic range of the tape, becomes excessive.) Curve B repre- 




Fig. 28 — Frequency response at a tape speed of twenty feet per second. 



sents the output available at the higher frequencies under practical 
operating conditions. These two curves, therefore, represent the out- 
put that can be obtained at either end of the band. These curves were 
taken with the same head doing the recording and reproducing; a 
slight loss, no more than two or three decibels, will result if a different 
head of comparable quality does the reproducing. 

In the video recording system, separate elements record low- 
frequency signals, as shown in Curve A, and high-frequency signals, 
as shown in Curve B. When the system is used for recording color 
television signals, four elements are used; three elements for the low- 
frequency components of the three colors, and one element for the 
combined high-frequency components. When the system is used for 
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recording black-and-white television signals, only two elements are 
used. 

Since there is no observable null in either of these curves, no 
positive statement about gap width can be made. However, since the 
information density represented by the high end of Curve B is about 
15,000 cycles per lineal inch, the gap length can be deduced from this 
as being no greater than one wavelength, or about 7 X 10 5 inch. 

The resolution capabilities of the head are shown more graphically 
in Figure 29. One horizontal line across the kinescope face, as repre- 
sented by the video waveform drawn above the television set, occupies 
.015 inch along the tape. By way of comparison, a penny is approxi- 



Fig. 2 ( J — Dimension involved in recording one horizontal line, 

mately .0(50 inch thick, or four times the length of one line on the 
tape. 

Some of the system considerations involving bias are shown in 
Figure 30. Magnetic tape, as is generally known, exhibits the non- 
linearity which is characteristic of all magnetic materials. In contrast 
with audio practice, a d-c bias, instead of a-c bias, is used to "linearize" 
the operating characteristic. 

The method of operation is as follows. Before the tape is brought 
into contact with the recording head, it is passed through a strong 
field (supplied by a permanent magnet) which saturates the tape. 
This saturation accomplishes two things; it obliterates anything 
which is already recorded on the tape, and it also "conditions" the 
tape for the next operation. 



MAGNETIC TAPE 
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Figure 30(a) shows a typical hysteresis curve for magnetic tape. 
When the tape passes through a saturating field, it is taken along the 
curve to point 1. When the tape leaves the field, it retains a value of 
B shown by Bi on the curve. This is the condition of the tape when 
it is ready for the record head. 

Figure 30(b) is an operating curve derived from Figure 30(a). 
Every negative value of H on the hysteresis curve determines a value 




°f #mmin<w<» and this information is re-plotted in a more convenient 
form in the lower figure. 

The value of bias represented by H d . r provides good low-frequency 
response with the low-frequency record head. A separate head using 
almost no bias is used to provide the required high-frequency 
response. 

The impedance versus frequency characteristic of the head is shown 
in Figure 31. The impedance, as well as the frequency, has been 
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Fig. 31 — Impedance characteristic. 

plotted on a logarithmic scale. The dotted line shows how the im- 
pedance of the head would behave if it were primarily inductive, based 
on the inductance of the head at 10,000 cycles. The diminishing perme- 
ability of the metallic core as the frequency is increased permits the 
use of a relatively high-impedance coil without resonance troubles. 

Physical Structure of the Video Head 
A photograph of a complete five-element head is shown in Figure 
32. Two leads are brought out from each element, making a total of 
ten leads which are connected to the plug, as shown. 

Figure 33 is a sketch of the basic element. The pole-face structure 
uses no separator between the pole faces; the faces are in intimate 
contact. Thus the "gap," which in conventional magnetic heads consists 
of an actual nonmagnetic spacer, is only a concept in this unit. 




pig_ 32 — Complete five-element head. 
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The head may be assembled in various ways. In a preferred 
method, a pair of coils are threaded with several strips of Hymu 80*. 
The ends of the strips are pressed and held together by two half- 
cylinders made of stainless steel. The ends of the strips then become 
the pole faces. The entire assembly is bonded together with a casting 
resin. 

DOTTED LINES SHOW MAGNETIC 




Fig. 33 — Sketch of the basic element. 



The manner in which the small shunt area between the pole faces 
is obtained can now be seen. When the two half-cylinders press the 
two ends of the core together, the area of contact between these ends 
is about .005 inch in depth. These ends, or pole faces, are carefully 
cut down until the depth is about .001 inch, at which time the pole 
faces are virtual knife edges in contact with each other. The head 
then performs as has been described. 

* Registered trade-mark of the Carpenter Steel Company, Reading, Pa. 
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Fig. 34— Sectional photograph of the basic element. 

With the aforementioned materials, an average head life of about 
150 hours may be expected when the heads are used with a tape speed 
of 20 feet per second. 

Figure 34 is a photograph of the basic element. The photograph 
shows a head which was sliced so that its interior would be clearly 
visible. The point of a pencil is also shown for size comparison. 

Another cross section is shown in Figure 35. A multiple-element 
head was sliced along the long axis such that the five separate elements 
would be visible. The cross talk between the separate elements is 
negligible. 

Figure 3G shows the track layout on the tape. If the magnetic 




Fig. 35— Sectional photograph through the long axis of a five-element head. 
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Track layout on the magnetic tape. 



information could be made visible, the tape would look something like 
the sketch shown. The sound tracks, which are also shown, are recorded 
by separate, two-element heads, built very much like video heads. 

Conclusions 

The video head, as developed by the KCA Laboratories, has proven 
itself in extensive experimental video recording. In addition, its suc- 
cessful use has established the feasibility of wide-band video recording. 
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Part V — Audio Systems 
By 

J. G. Woodward 
Introduction 

IT IS accepted and expected practice in television systems to pro- 
vide an audio channel to convey sound information from the 
pickup location to the ultimate viewing location. This audio chan- 
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nel must pass through the television tape recorder when this recorder 
is used for storing and reproducing video signals. The obvious way 
to record the audio simultaneously with the video signal and to main- 
tain synchronism between the two is to record the audio on the same 
magnetic tape used for the video signal. The techniques for record- 
ing audio frequencies on magnetic tape have been highly developed 
during recent years, and one might expect the addition of an audio 
channel to the television tape recording system to be a routine 
matter. However, the special system requirements of the video 
channels impose several conditions on the audio channel which are 
not ordinarily encountered in audio tape recorders. Because of the 
exceedingly great difficulties attending useful tape recording and 
reproduction of video signals, the audio design must accept and build 
around the special conditions necessarily set for it by the video 
system. These conditions and the ways in which they influence the 
design and operation of an audio system are described. 

System Requirements and Arrangement 
The principle audio-system factors which are determined by 
operation of the video system in the television tape recorder are: 

1. Tape speed. 

2. Method of erasing and biasing. 

3. Recording-track location and width. 

A tape speed of 20 feet per second is used in the television tape 
recorder. This is 32 times faster than the 7.5 inches per second 
frequently used in high-quality audio tape machines. 

In the television tape recorder the tape is erased as it passes over 
a permanent magnet prior to passage over the video and the audio 
recording heads. Corresponding to this d-c erasure technique is a 
d-c biasing technique, wherein a direct current is superimposed on the 
varying signal current in each recording head, to place the operating 
point at an optimum location on the magnetic recording characteristic. 
This is in contrast with the customary high-frequency erasing and 
biasing technique used in high-quality audio tape recorders. 

Figure 36 shows how the tape area is budgeted among the audio 
and the several video channels. The audio is recorded on two .014-inch 
tracks situated in the gaps between the video sync track and the 
tracks for the mixed-highs and the green signals. The .008-inch 
guard bands separating the audio from the video tracks have been 
found sufficient to prevent cross talk when the heads are properly 
aligned. The two tracks are recorded by two identical head units 
connected in series. The two audio tracks together give a total track 
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width of .028 inch, which is considerably less than the 3/ s -inch and 
%-inch tracks employed in conventional audio recorders. The effect 
of the narrower track is to reduce the signal-to-noise ratio. While 
space is available on the tape for as many as four .014-inch audio 
tracks, the small increase in signal-to-noise ratio achieved by going 
from two to four tracks does not warrant the added complexity and 
cost of the heads. 

While several other types of recording and playback heads have 
been tested, the audio heads currently used in the television tape 
recording equipment are similar in construction and performance 
to the video heads described in Part IV. A typical unequalized record- 
playback response characteristic is shown in Figure 37 for a 20-feet- 
per-second tape speed. 

50 1 . 1 I i 1 I ] 1 1 1 ..I. 
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Fig. 37— Unequalized record-playback response characteristic of audio 
heads with a 20-feet-per-second tape speed. 

The audio recording and playback heads are located on the output 
side of the driving capstan; that is, the tape passes over the audio 
heads immediately after leaving the capstan. The location of the audio 
heads is shown in relation to the other components of the tape-trans- 
port system in Figure 23. 

While the foregoing factors influence the performance of the audio 
system, several methods of audio recording may be considered for 
use. These methods have various capabilities and limitations, and 
the choice of one rather than another will be based largely on economic 
considerations and on the performance criteria for a particular appli- 
cation. » 

Direct Recording 
In direct recording the audio is recorded directly on the tape as 
an audio-frequency signal. It is the method used in all conventional 



www.americanradiohistorv.com 



386 



RCA REVIEW 



September 1956 



audio tape recorders and is capable of yielding excellent results in 
well-designed equipment. It suffers a great disadvantage in the tele- 
vision tape recorder, however, since the high tape speed gives a greatly 
increased output noise voltage in playback without a comparable 
increase in the audio signal. While some improvement might be 
expected if heads having longer gaps were used, such heads would be 
susceptible to low-frequency cross talk between the audio and the 
video tracks. The performance obtained with direct-recording tech- 
niques is likely to be marginal or unacceptable for most applications 
of the television tape recorder. Some type of recording method employ- 
ing a modulated carrier appears more promising and appropriate for 
use in the high-tape-speed device. 
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Fig. 38— Block diagram of a simple, AM-carrier audio-recording system. 



AM-Carrier Recording 

In amplitude-modulated-carrier recording, a high-frequency signal 
is recorded on and reproduced from the tape. The audio signal passes 
through the tape system as an amplitude modulation of this high- 
frequency carrier. After reproduction from the tape, the modulated 
carrier is amplified and demodulated to recover the audio signal. A 
block diagram of the simple AM-carrier system is shown in Figure 38. 
Two factors must be considered in choosing the carrier. First, the 
carrier should have a frequency well above the audio range to simplify 
the filtering problem in demodulation. Second, the carrier frequency 
should be in the neighborhood of the maximum response of the head- 
tape system. In the record-playback characteristic, shown in Figure 
37, the response maximum is quite broad and is centered near 80 
kilocycles. Carrier frequencies between 50 and 150 kilocycles have 
been found to work well. 

The AM-carrier method of audio recording has the advantage of 
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simplicity of electronic circuitry. It also has a basic limitation which 
precludes its use in some applications. The limitation resides in the 
characteristics of the oxide coating of the tape. The peak carrier 
level which may be recorded on the tape is determined by the magnetic 
characteristic of the coating. If too high a level is recorded, the audio 
output signal is distorted as the oxide approaches magnetic saturation 
on carrier modulation peaks. The lowest useful recorded level is 
determined by the noise modulation of the carrier caused by magnetic 
and surface irregularities of the tape coating. Thus, a compromise 
must be made between the signal-to-noise ratio and the distortion of 
high-level audio. With tape coatings now available a typical compromise 
gives a 34-decibel signal-to-noise ratio and about 3 per cent r.m.s. 
total harmonic distortion for a 100 per cent modulated carrier and an 
8-kilocycle audio bandwidth. The signal-to-noise ratio is lower when 
worn or otherwise inferior tape is used. For some applications, 
particularly with a more restricted audio bandwidth, the simple AM- 
carrier recording method might be considered acceptable. For a high- 
quality audio system having a wide dynamic and frequency range it is 
not acceptable. 

Two-Carrier AM Recording 
A significant improvement in the signal-to-noise ratio of the AM- 
carrier audio-recording system may be achieved by the use of two 
carriers as follows: Two carriers of different frequency are amplitude 
modulated by the same audio signal. After modulation, the two carrier 
signals are combined and are recorded by the same recording head on 
the same track on the tape. In playback, the two carriers are separated 
and amplified in tuned amplifiers and are demodulated separately. 
Thus, each carrier yields an audio signal independently of the other 
carrier. Noise reduction is accomplished by modulating the two 
carriers out of phase and also reversing the phase of the demodulators. 
When this is done, and when the audio output signals from the two 
carriers are added, the desired audio signals combine in phase, while 
any undesired output noise voltages due to modulation of both carriers 
in passing through the tape system combine out of phase, and totally 
or partially cancel. A block diagram of the two-carrier noise-reduction 
recording system is shown in Figure 39. 

The carrier frequencies should be sufficiently close together to 



insure both carriers being similarly affected by noise modulation on 
the tape, but should be sufficiently different to allow convenient separa- 
tion of the two by tuned circuits in the playback amplifier. Also, the 
carrier frequencies should be adjusted relative to one another to 
make any beats between the carriers and /or their low-order harmonics 
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Fig. 39 — Block diagram of a two-carrier, AM-carrier audio-recording 

system. 

lie above the audio frequency range. Carrier frequencies of 88 and 
141 kilocycles have been used satisfactorily. 

The effectiveness of the two-carrier system in reducing noise is 
illustrated in Figure 40 which shows oscilloscope traces of the noise 
in the audio output of the playback amplifier while a tape recorded 
with unmodulated carriers is being reproduced. The upper trace was 




Fig. 40 — Noise-reduction with two-carrier, AM recording. Upper : Audio- 
noise output with a single, unmodulated carrier. Lower: Audio-noise 
output with two unmodulated carriers adjusted for noise cancellation. 
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made with only a single carrier operating. Both low-frequency noise 
and high-frequency spikes are evident. The lower trace in Figure 40 
was made with two carriers operating and adjusted for maximum noise 
cancellation. All of the low-frequency noise and most of the high- 
frequency noise has been eliminated. Measurements show an increase 
of as much as 8 decibels in signal-to-noise ratio resulting from the 
use of the second carrier. 

With the two-carrier system the basic limitation is again the oxide 
coating of the tape, and again the compromise must be made between 
high-level-audio distortion due to magnetic saturation, and noise due 
to magnetic and surface irregularities in the tape coating. A typical 
compromise gives a 42 decibel signal-to-noise ratio and about 3 per 
cent r.m.s total harmonic distortion for 100 per cent modulated carriers 
and an 8-kilocycIe audio bandwidth. Audio of this quality is acceptable 
in many, but not all, applications. 

FM-Carrier Recording 

As pointed out above, the minimum attainable noise level in 
amplitude-modulated-carrier recording is determined by tape-coating 
irregularities modulating the carrier. This difficulty may be overcome 
in a frequency-modulated-carrier system in which any amplitude 
modulation of the carrier is removed by limiting prior to demodula- 
tion. Furthermore, with a wide-deviation FM system the greater 
utilization of available bandwidth, as compared to an AM system, will 
permit a greater signal-to-noise ratio. That these expectations may 
be realized, with some restrictions, is borne out by our tests as well 
as by the tests of other investigators. 11 * 12 

An FM-carrier system may be designed so that its operation is, 
in fact, practically independent of the magnetic and surface char- 
acteristics of the tape coating. The limitations of FM recording are 
found elsewhere. The maximum dynamic range which may be used 
is determined by the frequency deviation. The maximum deviation, in 
turn, is determined either by the available bandwidth of the recording- 
playback system, or by the frequency range over which adequate 
linearty may be maintained in the modulator and demodulator circuits. 
In the television tape recorder, the circuit linearity is the limiting 
factor at present. The maximum signal-to-noise ratio attainable with 
FM recording is limited by variations in the tape speed. Any change 

11 W. T. Selsted, "A Low-Noise FM Recording System," Jour. Audio 
Lug. Soc, 1, p. 213, April, 1953. 

r-?l' r T - ?J^ Ilin > " Video Magnetic Tape Recorder," Tele-Tech, Vol. 13, 
p. / {, May, 1954. ' 
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in tape speed as the tape passes over the recording and playback 
heads causes a corresponding change in the carrier frequency. This 
results in a noise voltage at the demodulator output. The signal-to-noise 
ratio, the frequency deviation of the modulated carrier, and the varia- 
tion in tape speed are interrelated. This interrelationship is shown 
graphically in Figure 41. 

In Figure 41 the ordinate is the signal-to-noise ratio expressed in 
decibels, assuming that the noise is entirely that due to tape-speed 
variations. The abscissa is the percentage variation of the tape speed 
about its mean value during recording or during playback. In prepar- 
ing this chart it is assumed that tape-speed fluctuations occur in 




PERCENT VARIATION IN TAPE SPEED 

Fig. 41— Relation between tape-speed variation, carrier-frequency deviation 
by desired audio signal, and the resulting signal-to-noise ratio. 

recording as well as in playback, that the recording fluctuations are 
equal in magnitude to the playback fluctuations, and that recording 
and playback fluctuations combine in a random manner to give the 
resultant noise output. The parameter of the lines plotted in Figure 
41 is the percentage frequency deviation of the carrier produced by 
the desired audio signal. An example will illustrate the use of Figure 
41 and will indicate the practical reality of the limitation imposed 
by tape-speed fluctuations. 

Assume that the maximum levels of the audio modulating signal 
produce a carrier frequency deviation of ± 25 kilocycles about a 
mean frequency of 89 kilocycles. The percentage deviation is (25/89) 
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X 100 = 28.2 per cent peak, or 28.2 x .707 = 20 per cent r.m.s. If 
an audio output level 50 decibels above the noise level is required, what 
is the maximum speed variation which can be tolerated? In Figure 41 
the line for the 20 per cent frequency deviation has, at the ordinate of 
50 decibels, an abscissa value of .045 per cent. 

Let us now consider some of the techniques used in the FM-carrier 
recording system. A block diagram of this system is shown in Figure 
42. The audio input goes through an amplifier-modulator stage and is 
used to frequency modulate the oscillator. The modulated oscillator 
signal passes through a limiter, is amplified and is fed to the record- 
ing head. The current in the recording head is, therefore, a fre- 
quency-modulated rectangular wave train. 

If the rectangular wave passed through the recording and repro- 
ducing process without distortion, the output of the playback head 
would be a series of alternate positive and negative spikes, correspond- 
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Fig. 42 — Block diagram of an FM-carrier audio-recording system. 

ing to differentiation of the rectangular wave. This is true because 
the voltage generated by the playback head is proportional to the time 
rate of change of flux passing from the tape through the magnetic cir- 
cuit of the head. With a mean carrier frequency of 90 kilocycles, it would 
be necessary to transmit unattenuated all harmonics of 90 kilocycles 
up to at least 1 megacycle in order to achieve the type of reproduced 
waveform described. The record-playback response characteristic of 
the system, as depicted in Figure 37, shows that the higher harmonics 
of the 90-kilocycle rectangular wave are greatly attenuated. As a 
result, the voltage output of the playback head is very nearly sinusoidal. 
The high-frequency content could be restored by equalization, as is 
done in the video channels, but it is simpler to take the sinusoidal 
voltage and amplify and limit it in the playback amplifier to make a 
frequency-modulated rectangular wave whch is identical to that 
originally fed to the recording head. This newly formed rectangular 
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wave is then demodulated to recover the audio. The audio output of 
the demodulater is amplified and fed to a loudspeaker or to an audio- 
program line. 

The frequency deviation and linearity of the FM system appear 
to depend on the effort one is willing to expend on the design and 
adjustment of the modulator and demodulator circuits. A deviation 
of ± 40 per cent peak with an over-all r.m.s. total harmonic distortion 
less than 1 per cent is readily attainable, and values of deviation as 
high as ± 60 per cent have been reported. When testing the FM- 
carrier system in the television tape recorder, a 90-kilocycle mean 
carrier frequency was used, and a signal-to-noise ratio of 52 decibels 
was realized with a 15-kilocycle audio bandwidth. Since the tape speed 
varies less than .025 per cent at the audio heads, (this is without the 
benefit of a movable head as used in video playback) the considera- 
tions discussed above indicate that, with improved circuitry, a some- 
what greater signal-to-noise ratio may be expected. 

Conclusions 

Several audio-recording methods have been considered for use in 
television tape recording systems. The basic limitations of each 
method have been shown, and typical performance data have been 
given. In direct recording and in AM-carrier recording the dynamic 
range as well as the linearity is limited by the magnetic and surface 
properties of the tape coating. In an FM-carrier system the noise 
level is determined by variation in tape speed, while the linearity and 
dynamic range are limited by the electronic circuitry. The informa- 
tion presented for the various audio systems permits a choice of 
system ba^ed on the audio-quality specifications for a particular 
application and on the specifications of the tape-transport system. The 
data given are based on the characteristics of existing tape coatings 
and on known circuitry. Therefore, any significant improvement in 
tape coatings and in circuitry in the future may affect the choice of 
audio system. 
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Summary — The performance of an electromagnetic anechoic chamber 
can be predicted from the results of transmission line measurements on 
small samples of the wall absorbing material. Since the calculation of the 
field within a room is a near-field problem, the customary Fraunhofer or 
Fresncl approximations of Kirchhoff's equation cannot be used. However, 
the problem can be solved fairly accurately if the room is sufficiently large. 
The calculations have been checked by measurements made in front of a 
twelve-f oot-square wall covered with the absorbing material and with an 
aluminum sheet. 



N ideal anechoic chamber would be a room having- walls which 



absorb all the incident energy. Although a perfect broadband 



-d. J_^ wa jj covering is at present physically unrealizable, materials 
can be developed which absorb more than 98 per cent of the incident 
electromagnetic energy. In the past, anechoic chambers have been 
designed in an empirical manner. A variety of measurements were 
made on absorbing materials in order to select the absorber which 
shows the most promise, and a chamber was then constructed and its 
performance measured. Since the material for the lining of anechoic 
rooms suitable for low frequencies is expensive, it is felt that an ade- 
quate theory is needed which will be capable of predicting the perform- 
ance of such a chamber on the basis of measurements on small samples 
of absorbing material. The purpose of this paper is to relate the reflec- 
tion coefficient of absorbers, as determined by measurements on small 
samples, to the performance of a completed room. 



A parallel-plate transmission line can be used to secure data on 
small samples of absorbing material. Standard slotted-line measuring 
techniques are used to determine the reflection coefficient of the 
material. 

The justification for using transmission-line measurements to 
predict the free-space performance of an absorber is obtained by draw- 

* This paper was presented in partial fulfillment for the requirements 
of a Masters Degree at the University of Pennsylvania. 
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ing an analogy between the transmission-line problem and that of free 
space. An infinitely long transmission line is self-terminating in the 
same manner as infinite space if the same propagating mode exists 
in each case. Furthermore, a finite line is self-terminating if the dis- 
sipation along the line causes all reflected waves to arrive at the point 
of measurement with a magnitude too small to be detected. When a 
section of lossless line (analogous to a section of space) is connected 
to a section of highly dissipative line (analogous to the chamber lining) 
such that no electrical discontinuity exists at the junction, the lossy 
section will serve as a termination for the dissipationless line. This 
means that the room lining will terminate the space within the chamber. 
Since the lossy material terminates the plane wave between the plates 
of a given line, it will terminate any other size line and therefore will 
terminate the space in the room. 13 Using this analogy, measurements 
can be made on small absorber samples and the results will provide data 
from which the performance of a larger room can be computed. 

Effect of Finite Wall Size 

The walls of the chamber will be of finite size. It will be assumed 
that only first-order reflections need be considered because if the ma- 
terial absorbs 98 per cent of the energy of each incident wave, only 
0.04 per cent, a negligible amount, will be reflected at the second inci- 
dence. Each wall will be considered individually and the effects of each 
will be added vectorially in order to determine the combined effect of 
all the walls. The usual image theory based on an infinite reflector 
size cannot be used to predict the field within a room with finite-sized 
walls. 

Coordinate System 

The system of coordinates to be used in this paper will be the 
right-hand set shown in Figure 1. The analysis will be based on the 
response to a short dipole placed in the center of the room and linearly 
polarized in the x direction. The probe antenna will also be a dipole 
polarized in the same direction. Any cross polarization component 
will be neglected. The length of the cubical room will be taken as 2d, 
as is shown by Figure 2. The field will be computed along the z axis 
of the room, which passes through the center of the room and is normal 



1 E. C. Jordan, Electromagnetic Waves and Radiating Systems, Prentice- 
Hall, Inc., New York, 1050, pp. 147, 210. 

2 John K. Kraus, Antennas, McGraw-Hill Book Company, Inc., New 
York, 1950, p. 360. 

3 C. L. Andrews, "Diffraction Pattern In A Circular Aperture Measured 
In The Microwave Region," Jour. Appl. Phys., Vol. 21, p. 761, August, 1950. 
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Fig. 1 — Coordinate system. 

to wall ABCD. When the room is in use, both the source and the probe 
are to be located on the z axis. In order to determine the total field 
along 1 the z axis of the room, it is necessary to compute the energy 
reflected along this axis due to wall ABCD and that due to wall ABFG. 

Field Equations 
The fields of an infinitesimal dipole may be written 1 '* 



Aire 

Pes 



1 i/3 0= 



L p* 



P _J 



sin 6 exp ( — i/3p) , 



1 i/3 
— + — 
P 3 P 2 



cos 9 exp (—ifip) , 



(1) 



(2) 



UoP 0 



1 t/3 
L P" P _J 



sin 0 exp ( — ?'£p) , 



(3) 



i 7 here p is the distance from the center of the dipole to a specified field 




Fig. 2 — Cubic room. 



1 S. A. Schelkunoff, Electromagnetic Waves, D. Van Nostrand Co., Inc., 
New York, N. Y., 1943. 

5 S. Silver, Microwave Antenna Theory and Design, McGraw-Hill Book 
Company, Inc., New York, 1949, p. 93, chapters 5, 6. 
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point, ft — 2tt/A, P 0 = H/i<*, 6 and are as shown in Figure 1 ; A is the 
wavelength. II is the moment of the source, o> is the angular frequency, 
and e is the dielectric constant of the medium. The time factor exp (imt) 
is to be understood present throughout this discussion. 

The radial component of the electric field at the surface of the wall 
A BCD will have its maximum value at the center of the wall, point E, 
where 6 =45° and cos 0 = l/\/2 in a cubical room. This value will be 

iPoP 

ffpm«.= — exp(-i^p) (4) 

from Equation (1) where p~ z term has been neglected. The component 
of this vector in the x direction, which is the direction in which the 
probe antenna is polarized, is again proportional to cos 0, resulting in 
a value of 

E Dr = -exp(-*j8p), (5) 

4lT€p" 

which is the maximum value of the component of the radial field in 
the x direction within the room. 

The magnitude of this term is equal to the maximum value of the 
f>- 2 term in Equation (1). Thus, if the terms in p~- and p~ 3 are much 
smaller than the p~ x term in Equation (1) , the radial field is negligible. 
Furthermore, if the anechoic chamber is used for antenna-pattern 
measurements, the radial component need not be considered since it 
is general practice to orient the probe antenna such that only the 
tangential component of the field, E e , excites currents in it. Also, in 
this problem, both the probe and the source are to be located on the z 
axis where the radial term is zero since 0 — 90°. 

Size of Room 

The purpose of an anechoic chamber is to make it possible to obtain 
free-space radiation data indoors. Since radiation problems are only 
concerned with the radiation, or p" 1 term in Equation (1), the induc- 
tion (p~ 2 ) and electrostatic (p~ 3 ) terms must be small enough to be 
neglected for the measurements to be correct. Therefore, it will be 
necessary to construct the room large enough to allow the source to 
be placed far enough from the point of measurement so that the higher- 
order terms in p can be neglected. 

If the error introduced by neglecting the induction term is less than 
one per cent of the total tangential field, the higher-order terms may 
be considered negligible. Since only the magnitude of the field can 
be measured, we may write the equation 
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L P~ 
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^0.01 



(6) 



P" P 2 
+ 



for the fractional error in neglecting the p~ 2 term in Equation (1), 
where the p~ 3 term has been omitted. Using the identity (1 +x) Va — 
x 1 

-, it is found that p — 1.12 X in order for the 



P 2 P 2 



1 -i h ... where x ■ 

2 

error to be less than one per cent when only the p 1 term is used to 
express the tangential field. This means that with the source in the 
center of the chamber, the dimensions of a room must be greater than 
2.24 X before accurate radiation measurements can be made in it. 
However, a room 2.24 A on a side will have an error in the incident 
field greater than one per cent, except very near the walls, unless the 
terms of higher order than p~ l are considered. When calculating the 
total field in such a chamber, the p _I term is the only one needed to 
compute the reflected field. However, the complete expression, includ- 
ing higher powers of p, for E d given in Equation (1) should be used 
to compute the direct field of the source. 

With the above restriction, the only significant component of the 
electric field at the surface of the walls is given by Equation (1) 



F 



-PoP 2 



4 7T€p 

% 60 irll 



■ sin 0 exp( — ipp) 



Xp 

2nC 



• sin 0 exp( — ipp) , 



(7) 



since o) = ■ 



and cc — 



120- 



Derivation of Equations 

In order that the problem may be more easily visualized, it will be 
transformed to one of diffraction through an aperture rather than 
one of reflection from plates. Such a transformation can be made on 
the basis of Babinet's principle, which states that the problem of trans- 
mission through an aperture is complementary to that of reflection 
from a plate, where the incident fields are also complementary. 0 There- 



0 C. J. Bouwkamp, "Diffraction Theory," Reports on Progress in Physics, 
The Physical Society, London, Vol. 17, p. 35, 1949. 
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fore, each wall will be replaced by an aperture in a perfectly absorbing 
screen of infinite extent. A perfectly absorbing screen will be defined 
as a perfectly reflecting screen with the reflected fields on the illumi- 
nated side of the screen being neglected. Image scources having 
amplitudes equal to aE^e^ will be located outside the apertures (walls). 
The magnitude of the reflection coefficient of the material is «, E s is 
the magnitude of the source within the room, and S is the phase angle 
of the absorbing material, a and S are determined by slotted-line 
measurements on small samples of the material. If the correct phase 
angle, referred to the surface of the wall covering, is used, the image 
sources can be located outside the room at a distance equal to that of 
the true source from the wall inside the room. 

Diffracted Field — In the past few years, many theories of diffraction 
have been presented in the literature. 6 This study will be based pri- 
marily on Kirchhoff's theory, subject to the following restrictions: 

1. The radial component of the electric field and the tangential 
component of the magnetic field in the aperture are the same 
as the respective values of the incident free-space field. That 
is, the value of the free-field components are not changed by 
the presence of the aperture. 

2. Only linearly polarized sources will be considered; any cross- 
polarization component will be neglected. 

Kirchhoff's scalar diffraction theory does not, in general, give a true 
solution of the diffraction of electromagnetic waves through an aperture 
since the values given on the shadow side of the screen are not con- 
sistent with Maxwell's equations. It is, therefore, necessary to intro- 
duce terms due to time-varying line charges along the edge of the 
aperture in order to account for this inconsistency. The complete 
expression for the field diffracted through the aperture shown in 
Figure 3 is then 5 - G 



where \p = r~ x exp (—i/3r) is a solution of the wave equation on the 
surface S and represents the spherical wave front upon which Huygen's 
principle is based, and E is the incident electric field; r is a unit vector 



E 



4uJ s , \ on on / 4- Jt h 



1 f I Z E dt f / \ 1 f 



(E X t) dS- 



(8) 
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tangent to the boundary T s between the illuminated and dark side of 
the screen, and n_is the unit vector normal to an area in the aperture. 

The above equation is in MKS units and is true for periodic fields 
having the time factor exp (iad). 

The contributions due to the line integrals at a point on the axis 
of the aperture are zero 5 * 7 when the aperture is symmetrical about 
the z axis. However, the contribution due to the line charges at a 
point on a line parallel to the aperture must be given further considera- 
tion. Since these line charges make significant contributions only near 
the edge of the aperture and in the shadow region, and we are only 
concerned here with the field in the geometrically illuminated zone at 
distances greater than one wavelength, the contributions of the line 
integrals may be considered negligible. Furthermore, inasmuch as 



x 




2 



Y 



Fig. 3— The diffracted field. 

the wall is highly absorbing, it is doubtful that there would be any 
significant charges collected on the boundary. 

There is considerable experimental evidence in the literature to 
justify neglecting the contribution of the line integrals at distances 
greater than one wavelength. For example, Andrews reported on 
some measurements along the axis of a circular aperture illuminated 
by plane waves. 3 He found this assumption could be justified as long 
as measurements were not made at distances less than a quarter wave- 
length from the aperture. Some similar measurements were made 
by H. K. Severin. His results are also published in Andrews' paper. :! 
It is interesting to note that in some regions where Andrews* experi- 
mental points were higher than the theoretical curve, those of Severin 
were lower. 

If calculations are limited to that region in which the line integrals 
may be neglected, that is, field points in the region bounded by the 



7 G. A. Woonton, D. R. Hay, and E. L. Vogan, "An Experimental 
Investigation of Formulas for the Prediction of Horn Radiator Patterns," 
Jour. AppL Phys. f Vol. 20, p. 71, January, 1949. 
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geometric projection of the aperture along the z axis, the diffracted 
field can be written as the scalar equation. 

1 CI Zu 3 A 

u P — / I — u — \dS, (9) 

4-7T J s \ Zn cn / 

where u represents the particular field component involved. 

Wall Illumination — For a wall which is parallel to the short dipole 
source within the room, the image source is located parallel to the x 
axis at (0, 0, —d) as shown by Figure 4. If the equation for the field 
of the source within the room at the wall surface is 

t 60 irll 

E e = - - sin 6 exp (— i/3p) , (7) 




Fig. 4 — Diffraction by a square aperture. 



the field at the wall due to the image source located at the point (0, 0, 
— d) can be modified in amplitude and phase to give 

ia 60 irll 

E 0 '= -sin 9 exp(— ifip) exp(tS). (10) 

k P 

The slotted-line measurements only give values of the reflection coeffi- 
cient for normal incidence and parallel polarization. The reflection 
coefficient, for large angles of incidence is greater than for normal 
incidence. However, no significant increase in the reflection coefficient 
occurs until the angle of incidence becomes greater than 30 degrees. s 
For a cubical room the sin 0 term in Equation (10) will vary from 1.0 
at the center of the wall to 0.707 at the edges. Since the reflection 
coefficient is greatest, although not by a large amount at the edges, 



8 A. Hund, Short Wave Radiation Phenomena, McGraw-Hill Book Com- 
pany, Inc., New York, 1952, pp. 285, 829. 
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little error will be introduced by allowing the sin 0 term of Equation 
(10) to assume a value of unity. 

The top and bottom walls are oriented normal to the dipole source 
in the center of the room. In this case the polarization of the source 
is perpendicular to the wall and the magnitude of the sin 0 term is 
zero at the center of the wall. It increases to a value of 0.707 at the 
edges. In addition, the reflection coefficient for perpendicular polariza- 
tion is smaller than for parallel polarization except for angles of 
incidence very nearly normal. 8 The contribution of these walls is of 
the same order of magnitude as the decrease in illumination which was 
neglected in the case above. The accuracy of the solution will not be 
reduced by letting the sin 0 term equal zero for the walls normal to 
the dipole source, thus neglecting the contribution due to these walls. 

It follows that the illuminating function for the walls parallel to 
the source can be written, by setting sin 0 = 1 in Equation (10) ; 

ia GQttII 

E 0 ' = -exp(— ijGp) exp(t'S), (11) 

k P 

and the total contribution due to the walls normal to the source will 
be neglected. 

Field Reflected from Walls— Using the value of E d ' given by Equa- 
tion (11), we find that 5 



1 

- P 



exp(— Wp) exp({8), (12) 



and with \p — r~ 1 exp(— ifir) , - - (i/3 -f r^ 1 ) njij exp(— ifir) 

Zn 

where n — s and is normal to the elementary aperture clvdy (see Figure 
3). We find upon substitution in Equation (7) that the field on the 
shadow side of the aperture is 

ia 15 // exp do) r i/? exp [—-ifi (/■ + />) 1 
E H} . I - (1 + «.?•,) dS 

* J, r (> 

i-.t 15 II exp (-to) f exp | (r + p) J 

/ -dS + 

A Js r P - 
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ia 15 II exp (iS) f exp[— z/2 (r + p) ] 

-w.rj tfS. (13) 



A 



/* exp[— ifi(r 



Inasmuch as the higher order terms in p and r have been shown to be 
negligible, the last two integrals in Equation (13) are negligible and 
the diffracted field becomes 



—a 30 ttII exp(i8) f r exp["— ifi(r + p)] 
E»r= — - / dTj /- -<1 + n-n) to, ( 14 ) 



where tf.Tf/f/ — dS. 

The difference between this equation and the one which is normally 
used for such problems is that the differential area is taken normal 
to a ray from the source. This results in a value for n*r l which is 
different from that usually given. This result comes about because 
the illuminating field cannot be assumed to be a plane wave since the 
source is at a distance from the aperture comparable to the dimensions 
of the aperture. 

This expression will be used without further assumptions to de- 
termine the fields within an anechoic chamber. 

It is now of interest to determine the contribution to the total field 
due to the walls normal to the principal axis of the room, since the 
actual calculations will be limited to that axis. From Figure 4 it can 
be seen that 

p = (£2 + y-z + d 2) y 2 anc i r _(^2 + 7 j2 + z 2) u m ( 15 ) 

The direction numbers of p are a x — T, b, —17, and c x = d. Those of r 
are = — x f h 2 = — y, and c 2 = z. Then n*j' lt where n is normal to the 
elementary area dS, is 

zd — p~ + d 2 
= -. (16) 

rp 

If the above results are substituted in Equation (14) and all values 
are normalized with respect to the wavelength, then the field reflected 
from a wall normal to the axis of computation and parallel to the 
dipole source at the center of the room is 



A- 



! r * r 

Jo Jo L r 2 p 2 



—120 irlla exp (iB) f a _ (' d I" rp + zd 
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exp[— ?2tt (r H- ] rf.r = /„ (a*, ?/» z) . 



(17) 



If the origin ol coordinates is shifted to the center of the room, the 
contribution to the total field within the room due to one of the walls 
normal to z will be 



E, ] r = I a Or, y,d + z) t 

and that due to the other wall normal to z will be 
E 0 2 P ~I a (ic,y,d — z), 



(18) 



(19) 



where the room is 2d long. 

In order to solve for the field rt/'Med from the two side walls 
parallel to the z axis of the room, refer to Figure 5 where 



G 








| {0,2(1,0) 




\ (0,0,0) 



Fig. 5 — Field along a line parallel to the aperture. 
, — (x- + d 2 + z 2 ) * and r = [x 2 + d 2 -\- (z — ~z) 2 ]K 



The direction numbers of p are a, = a\ ^ = - rf, ^ = those of r are 
a., = — T, b 2 — — rf, and c 2 — z — z . Then, 



2d' 2 — p 2 + zz 



(20) 



Again substituting in Equation (14) and normalizing with respect to 
the wave-length, 



— a 60 ttII exp (i8) 



d \~ r P + 2( ^ 2 />" + ^ 



0 p - 



d: 



A 2 ^-d L 

exp [— z"2tt (r + p) ] cte = I b (x~, d, z; z — z), 



(21) 
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and the contribution due to the opposite wall will be the same. The total 
reflected field within the room will be 

E x = I a (x, y,d + z) + I a (x, y,d — z) + 2I b (x, d, z; z — z) (22) 

and the direct field is given in Equation (1). If the room is large 
enough, the direct field can be written 

i 60 nil 

E 0 = - - exp (— i2irz) , (23) 
A 2 z 

where again all dimensions are normalized with respect to the wave- 
length. Therefore, the total field within the room is 

E t = E x + Eo. (24) 
Theoretical Results 

The integrals of Equations (17) and (21) were evaluated numeri- 
cally on an IBM Model 650 computer. The integration was performed 
by integrating along lines corresponding to fixed values of y % for x 
going from 0 to d. The Newton-Cotes numerical integration formulas 
were used for regularly spaced points. When the integrations on x 
were completed for equally spaced Tf from 0 to d, a single numerical 
integration of these results gave the value of the double integral. This 
process was repeated for each value of z which was plotted. 

Inasmuch as the calculation of a double integral requires a large 
amount of machine time, it was necessary to perform rather extensive 
tests on the integrand in order to determine the largest increment 
of x, y, and z which could be used to obtain the required accuracy in 
the shortest time. It was found that it was necessary to use an incre- 
ment of x — y —~z = 0.0625 in order to obtain an accuracy of three 
significant figures. 

Since the evaluation of the integrals of Equations (17) and (21) is 
extermely laborious, especially for large values of d, they have only 
been computed for a value of d — 1.25. This is the lowest value for 
which the theory can be expected to give reliable results. As has been 
pointed out earlier, the exact expression for E 0 given in Equation (1) 
must be used for E i} in Equation (24) in the calculations of the fields 
in a room having dimensions as small as 2.5 wavelengths. 

Figure 6 shows curves of the total field along the axis of a cubical 
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room 2.5 wavelengths on a side for several values of the power reflection 
coefficient a 2 . In these curves the reflection coefficient is expressed as a 
power ratio rather than a voltage ratio in order to comply with cus- 
tomary practice. If the room were larger, the increased path difference 
in wavelengths would result in more oscillations in the field in the 
room. However, the increased attenuation due to the greater distance 
which the reflected wave travels would result in oscillations of smaller 
magnitude, except very near the walls. Figure 7 is a curve showing 
the maximum deviation from free-space values to be found in a 2.5 
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p^, 6 — Field along axis of a 2.5 X cubic room. 

wavelengths cubic room as a function of the reflection coefficient of 
the walls. The data for Figure 7 was obtained from a series of curves 
like those of Figure 6. Inasmuch as a larger room will have reflections 
of lower magnitude, this curve represents the maximum error to be 
expected in a room having walls with a given reflection coefficient. The 
curve is shown as a broken line above or = 0.10 since beyond this point 
the magnitude of the energy reflected at the second incidence can no 
longer be neglected. Therefore, if the reflection coefficient of the 
walls is greater than 0.10, the maximum error in the observed field 
will be greater than the value given in Figure 7. 
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When the room is to be used for antenna-pattern or other relative 
rather than absolute measurements, a constant loss of 2 or 3 decibels 
would have no effect on the data if the antennas were sufficiently small. 
If, however, the reflection coefficient were high, the maximum slope of 
the curve in Figure 6 would also be high and an exact determination 
of the error in the field at the point of measurement would be difficult 
or impossible. 

Experimental Results 

The preceeding theory was developed on the assumption that only 
first-order reflections need be considered. The total field within the 
room is made up of the direct wave from the source and the reflected 
field. The total reflected field along an axis of the room is expressed 
by two integrals, one for the field along a line parallel to a wall and 




O .04 ,08 „ .12 .16 .20 

a 2 



Fig. 7 — Error in measured field in a 2.5 A cubic room versus reflection 

coefficient of walls. 

another along a line normal to a wall. If these two integrals can be 
verified experimentally, the accuracy of the theory will have been 
proved. 

The solid curves of Figures 8a, b, c, and d, were obtained by adding 
the results of the tabulation of Equations (17) and (21) to the value 
for E 0 given by Equation (1). The experimental points which are 
indicated by round dots were obtained by measuring the field in front 
of a wall 12 feet square. The transmitting and receiving antennas were 
vertically polarized dipoles. Two values for a were used. The curves 
marked a = —1 were obtained by measuring the field in front of a 12- 
foot-square aluminum sheet. Those for a 2 = 0.02 were obtained from 
measurements on a wall constructed of material which transmission-line 
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Fijr, 8a — Field along a line normal to a perfectly conducting wall. 



measurements showed had a reflection coefficient of two per cent. Note 
that experimental agreement with theory is good even for the perfectly 
conducting wall, indicating that KirchhofTs equation is valid at dis- 
tances as close as 0.25 wavelength from an aperture having dimensions 
comparable to a wavelength, provided no unjustified assumptions are 
made in order to evaluate the equations. 

Unfortunately, in making the measurements there was no area 
available which was sufficiently clear of reflecting objects so that 
unwanted reflections from objects other than the wall could be com- 
pletely ignored. The proximity of the earth and other good reflectors 
in the neighborhood could account for the minor oscillations which 
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Fig. 8b — Field along a line parallel to a perfectly conducting wall. 
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8c — Field along a line normal to an absorbing wall. 

are present in some of the curves. In view of the above and other 
experimental difficulties, the agreement with theory can be considered 
excellent. 

Conclusions 

A method has been developed which enables the performance of 
an electromagnetic anechoic chamber to be predicted from the results 
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Fig. 8d — Field along a line parallel to an absorbing wall. 



www. 



AN ECHOIC CHAMBERS 



409 



of transmission-line measurements on small samples of absorbing 
material. A curve is given to be used to compute the performance of 
a cubical room 2.5 wavelengths on a side from the transmission-line 
measurements. The theory which is used is basically that of Kirchhoff, 
except that some of the approximations which are usually made in 
order to simplify the calculations are not used. The resulting equations 
have been checked by making measurements of the field in front of 
a twelve-foot square wall. The measurements were made for a very 
high and for a very low reflection coefficient. This study has shown that 
Kirchhoff's diffraction theory is capable of predicting the near field of 
square apertures having dimensions as small as 2.5 wavelengths along 
lines which are either normal to the aperture or parallel to it and located 
in a plane of symmetry of the aperture. Care must be taken in evaluat- 
ing the integrals and an accurate expression for the aperture illumina- 
tion must be used. 
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FOR TRAVELING-WAVE TUBES 
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Princeton, X. J. 



Summary — This paper discusses qualitatively the factors determining 
the performance of low-noise guns in microwave beam amplifiers. The dis- 
cussion is substantiated by systematic measurements on a three-region 
low-noise gun. 

The main conclusions are : (1) That sharp potential discontinuities 
on the electron beam should be avoided in a low-noise gun. This is an 
argument against guns of the velocity-jump type. (2) That an exponential 
type of space-charge wave transformation is favorable because it mini- 
mizes such potential discontinuities. (3) That 3-region guns or, more 
generally, 'multi-region guns, represent good and mechanically simple ap- 
proximations to such trans formers. This explains the outstanding per- 
formance obtained for the last 3 to 4 years with this type of gun. 

Based on these considerations and some empirical data obtained from 
successful low-noise traveling -wave tubes, directions arc given for the 
optimum choice of the gun design parameters. 



CCORDING to low-noise traveling-wave-tube theory 1, 2 and to the 



transmission line analog 3 of a modulated electron beam, the 



electron gun of a low-noise traveling-wave tube can be con- 
sidered as a space-charge wave transformer matching the effective beam 
impedance R„ = V n /I n at the potential minimum to the desired beam im- 
pedance Z h at the helix input. This is illustrated by Figure 1. The 
terminating impedance R a of this transformer is determined by the 
electron velocity and beam-current fluctuations at the potential mini- 
mum in front of the cathode. It is assumed that the r-f voltage V a 
is that of Rack, 1 and the current I a is full shot noise. The terminating 



1 S. Bloom and R. W. Peter, "A Minimum Noise Figure for the Travel- 
ing-Wave Tube," RCA Review, Vol. XV, p. 252, June, 1954. 

2 S. Bloom, "The Effect of Initial Noise Current and Velocity Correla- 
tion on the Noise Figure of Traveling-Wave Tubes," RCA Review, Vol. 
XVI, p. 179, June, 1955. 

3 S. Bloom and R. W. Peter, "Transmission Line Analog of a Modulated 
Electron Beam," RCA Review, Vol. XV, p. 95, March, 1954. 

4 A. J. Rack, "Effect of Space Charge and Transit Time on the Shot 
Noise in Diodes," Bell Sys. Tech. Jour., Vol. 17, pp. 592-619, October, 1938. 
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impedance, normalized with respect to the beam's characteristic im- 
pedance, is then given by 



r a = 1.61 X 10-°R C T e * 



f 



(i) 



where 



r a = normalized impedance at potential minimum 

= ratio of terminating impedance R a to characteristic beam 
impedance W Qf 



HELIX 
ENTRANCE 



ELECTRON BEAM -y 


j 












■■t: 



LINEAR TRANSFORMER : LINE 
OF VARYING CHARACTERISTIC 
IMPEDANCE W 



RESULTANT NOISE . a ' , I 
CURRENT WAVE 111 ~ V rV 




Fig. 1 — Noise wave and optimization parameters. 



r*o = beam current density at potential minimum in amperes m 2 , 

T 0 = cathode temperature in °/v, 

/ = signal frequency in cycles per second. 

This relation is the same as that derived by Bloom and Peter. 1 The 
factor 1.61 of Equation (1) (instead of 1.52 as in Bloom and Peter's 
paper) arises from substituting (v 0a )' 2 instead of 'v^f in Equation 
(19) et seq. of Bloom and Peter. Numerical applications of this equa- 
tion for typical microwave tubes indicate that r a can be made to be 
nearly unity with reasonable cathode current densities. 

The first-order theory of low-noise traveling-wave tubes shows that 



www.americanradiohistorv.com 



412 



RCA REVIEW 



September 1956 



minimum noise figure is obtained for relatively small standing-wave 
ratio (SWR) of noise current at the helix input. For practical values 
of Pierce's parameters QC and d, this SWR varies between approxi- 
mately 1.5 and 3.5. Therefore (considering that one can make r a = 1) 
the design of a low-noise gun can be reduced to that of a space-charge 
wave transformer bridging a large ratio of characteristic beam im- 
pedances with little mismatch. (For the definition of the characteristic 
beam impedance, the ratio of characteristic beam impedance at helix 
input to that at the potential minimum is found in practical cases 
to be several hundreds to one.) One attack on this problem is to 
change the characteristic beam impedance between the potential 
minimum and the helix input region smoothly and slowly. In the 
transmission line analog, this is equivalent to a transmission line 
transformer consisting of a transmission line whose impedance varies 
in the said smooth fashion. The exponential transmission line is a 
particular example of this as a transformer; it provides relatively 
good match for quite short electrical lengths. 

The exponential space-charge wave transformer is defined as a 
region in which the characteristic beam impedance, W, increases 
exponentially with phase angle, <f>; 



where A p is the plasma wavelength of the beam, and z is the distance 
along the beam (z is defined as increasing from cathode to collector) . 
Because of its mathematical simplicity, such an exponential transformer 
is readily amenable to analysis. This analysis and the basic properties 
of this type of transformer are presented in another paper. 5 In par- 
ticular, Reference (5) shows that mismatch introduced by a trans- 
former with k ^ 1 gives an SWR < 3 from a matched load. 

From these considerations, one good way of producing a low-noise 
gun is to design it as an approximately exponential transformer, with 
a sufficiently small k, e.g., Jc ^ 1. To carry this out, one must compute 



5 A. L. Eichenbaum and R. W. Peter, "An Exponential Low-Noise Gun 
for Beam Type Amplifier/' to be published. 



W=W 0 e* 



(2) 



The phase angle is defined by the relation 
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the d-c potential distribution required to produce along- the beam an 
exponential increase of characteristic impedance of the type expressed 
by Equation (2). Such a computation presented in Reference (5), 
sh ows that the variation of d-c potential with distance (V 0 versus z) 
required to fit an exponential increase of characteristic beam impedance 
with $ in typical cases is not far from linear. This applies in the range 
of beam potentials from a few volts up to helix potential, if the latter 
does not exceed 1000 volts, for typical geometries. Such a quasi-linear 
potential distribution presents three important advantages: 

1. It can readily be approximated by means of plane parallel 
apertured electrodes. 

2. A linear potential distribution results in a minimum of electro- 
static lens effects. Because of the undesirable noise increase 
caused by such effects, 0 this quality is particularly valuable. 

3. Numerical computations show that the physical length required 
to perform an exponential space-charge transformation between 
first-anode and helix potential 3 is reasonably short. Assuming 
a first-anode potential not lower than 20 volts, a helix potential 
not higher than 1000 volts, and k ^ 1 one finds typical lengths 
of the order of y 2 inch. 

Hence, between first anode and helix a nearly exponential impedance 
transformation meets the following needs of low-noise guns: low mis- 
match, short length, easy construction. 

The Multi-Region Gun 

For the design of a complete low-noise gun, the above does not suffice. 
Indeed, in the vicinity of the potential minimum the shape of the 
potential distribution along the beam is determined essentially by space 
charge rather than by the externally applied potentials and, therefore, 
requires special attention. Furthermore, a certain amount of adjust- 
ability will also be required from a low-noise gun ; this means that both 
the noise-current SWR and the position of the noise-current minima in 
the helix-input region should be adjustable by means of the gun 
potentials. A single exponential transformer between potential mini- 
mum and helix input (assuming this could be realized) does not satisfy 
this requirement. These considerations lead to the concept of the 
multi-region gun, exemplified by the three-region gun used with great 

G R. C. Knechtli, "Effect of Potential Discontinuities on Beam Noise " 
presented at "Conference on Electron Tube Research," Boulder, Colo., June, 
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success for the last 3 to 4 years. The basic idea is to cascade a number 
of separately adjustable transforming regions. 

A typical multi-region gun is shown in Figure 2. It consists of a 
"triode section" followed by a number of plane parallel and properly 
spaced apertured electrodes. The triode section consists of the cathode, 
a beam-forming electrode (often called the grid) and an apertured 
positive electrode referred to as the first anode. The space between 
the cathode and the first anode is called the first region of the gun; 
the space between first and second anodes is the second region, etc. 

It is evident, then, that each region from the second to the final 
region before the helix can be considered in first approximation as an 
exponential transformer since in first approximation, the beam potential 
increases linearly from one anode to the next. (This is not the case 
between cathode and first anode, hence the separate treatment of this 
region.) 

The steepness of the exponential transformation (factor "k") in 

LAST ANODE 

I 

I I 
I I 

£ - 

Fig. 2 — -Multi-region gun. 

a given region is controlled by the potential difference between the two 
anodes limiting this region. When this difference of potential is 
increased while the mean potential of the regions remains nearly 
unchanged, the steepness of the transformation in this region increases. 
This can be seen by expressing k for the region considered, as follows: 

ios (£) 

lc = (4) 

pi 

Equation (4) results from Equations (2) and (3) if I is the length 
of the region considered, — 2tt A /} , and is the average value of p in 
this region; W x and W. 2 are the characteristic beam impedance at the 
beginning and at the end of this region. According to the definition 5 
of W, 
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Wo p : 



(5) 



where p = plasma frequency reduction factor and F, and V 2 are the d-c 
beam potentials at the ends of the region. Let [F L > — Fj] increase but 
v'T 7 i F 2 remain about constant. Then VJV X and, though Equation 
(5), W^/W. 2 increase, while tj> = /3l does not change appreciably when 
the mean potential \/V^ F 2 remains unchanged. It follows from 
Equation C4) that under these conditions k does increase (q.e.d.). 

One may also predict how the position of a noise-current minimum 
in the helix region is affected by a change of anode potentials. 
For this purpose, one observes that the plasma wavelength, X t 
increases with increasing beam potential. By raising the potential 
of any anode of the gun, the average potential of the gun as a 
whole is increased. This means, according to Equation (3), that 
the total phase angle from cathode to last anode is reduced. The 
cathode side corresponds to the termination of the space-charge 
wave transformer, and this termination remains unchanged when the 
anode potentials are varied if the beam current is held constant. Hence, 
a decrease of phase angle between cathode and last anode corresponds 
to a motion of the noise-current standing-wave pattern away from the 
gun and towards the collector. Under these conditions, increasing 
the potential of any anode in the multi-region gun must shift the 
noise-current minima in the helix region away from the cathode; con- 
versely, decreasing any anode potential shifts the noise-current minima 
towards the cathode. 

These remarks lead to a good understanding of the behaviour of 
all regions of a multi-region gun from the second on to the last one. 
It remains to examine the space-charge wave transformation in the 
first region. The first region or triode section of a multi-region gun 
is designed as a 'Tierce gun" to insure uniform laminar flow. By 
letting the cathode protrude through the beam-forming electrode, the 
fields at the cathode surface can be given various degrees of divergence 
(or convergence), depending on the applied potentials, without intro- 
ducing large distortions of flow near the cathode edge. This feature 
is found to be of considerable importance. For the case of parallel 
flow* in an infinite beam (p — 1), the transformation between potential 
minimum and first anode may be computed by means of the Llewelyn- 
Peterson equations. Such a computation shows that for beam potentials 
higher than a few volts, the space-charge wave transformation is a 



* In this text, "parallel flow" means operation wherein the beam poten- 
tial vanes with distance in the same way as in a planar Child's-law diode. 
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steep exponential transformation whose factor "fr" approaches a 
limiting value of 2.12, Such a steep transformation in the first region 
of the gun is undesirable because whatever the termination at the 
potential minimum (matched or mismatched), a considerable SWR 
appears at the first anode. From this point of view, convergent flow 
is even worse. Since a small SWR is needed at the helix input, the 
mismatch produced in the first region of the gun would have to be 
compensated by a corresponding mismatch or discontinuity in another 
part of the gun. This means another region of high k which would 
be rather critical in adjustment and would be obtainable only by use 
of very strong fields. Such fields produce electrostatic lens effects, 
which have been found undesirable because they increase the noisiness 
of the beam. 0 The steep space-charge wave transformation obtained 
in the first region of the gun with the potential distribution correspond- 
ing to parallel or to convergent flow should therefore be avoided. 

A closer examination of the variation of characteristic beam im- 
pedance with distance in the immediate vicinity of the potential mini- 
mum shows that this variation is initially very slow; the transformation 
obtained between the potential minimum and any plane of the beam 
at a d-c potential not higher than a few tenths of a volt is nearly 
equivalent to the transformation obtained by a drift space (/c~0). 
(This can be seen, e.g., from Figui^e 4 of Reference (3).) Therefore, 
there is no need to modify the potential distribution in the immediate 
vicinity of the potential minimum.* From potentials of a few tenths 
of a volt to the first-anode potential, however, the situation is dif- 
ferent. For parallel flow, the characteristic beam impedance rises 
more and more steeply with increasing distance and d-c potential along 
the beam; this leads to the generally steep transformation characteristic 
of parallel flow. Consequently, in this latter part of the first region 
of the gun, the d-c potential distribution along the beam should be 
modified to produce a transformation less steep than that of perfect 
parallel flow. This is done by reducing the first-anode potential to 
a value lower than required for parallel flow, and increasing the 
potential of the beam-forming electrode to less negative values to 
keep the beam current constant. This process modifies only negligibly 
the potential distribution and space-charge wave transformation in 
the immediate vicinity of the potential minimum, mainly because the 
confining magnetic field at the cathode prevents excessive beam 
divergence. From a few tenths of a volt up to first-anode potential, 
however, this departure from perfect parallel flow conditions has 



* Of course, the assumption that the single-valued velocity of the 
transmission line analog is applicable may be untenable in this region. 
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important beneficial effects. These effects may be analyzed as follows. 
On one hand, the rate of potential increase along the beam is reduced; 
according to the definition of the characteristic beam impedance, 
this leads to a less steep increase of characteristic beam impedance 
with distance away from the cathode. On the other hand, the general 
reduction of beam potential corresponds to a reduction of plasma 
wavelength and an increase of the phase angle <j>~4>o (related to X p 
by Equation (3)) between any two given planes of this region. In 
summary, when the first-anode potential is depressed below its parallel 
flow value, the rate of increase of characteristic beam impedance with 
distance decreases, while the rate of increase of electrical length with 
distance increases. Hence, the rate of increase of characteristic beam 




A| = COORDINATES CORRESPONDING TO 1ST ANODE 

Fig. 3 — Characteristic beam impedance versus phase angle in first region; 
qualitative representation. 

impedance with electrical length is reduced even more when the first- 
anode potential is reduced at constant beam current. This is illustrated 
by Figure 3, and is precisely what is desired. 

A lower first-anode potential and a higher beam-forming electrode 
potential (with respect to the values required for parallel flow) tend 
to produce a diverging beam. The focusing magnetic field at the 
cathode limits this divergence; however, it may produce spatial varia- 
tions in beam diameter. It seems appropriate to call this condition 
"quasi-divergent flow." From the reasoning above, quasi-divergent 
flow appears desirable because it results in a less steep space-charge 
wave transformation and less mismatch in the first region of the gun. 

This understanding of the space-charge wave transformation in 
the various regions of a multi-region low noise gun enables one to 
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visualize the performance of such a gun as follows. Starting from 
normal operating potentials which establish a smooth transformation 
and then raising the voltage of one intermediate anode will increase 
the k in one region, and decrease it in another. The effect of this will 
be a greater standing-wave ratio if the original value represented a 
matched condition between the potential minimum and helix input. 
At the same time, the electrical length of the transformer is decreased, 
because the average voltage is increased. This results in a shifting of 
the standing wave away from the cathode. A decrease of voltage will, 
for the same reason as before, cause an increase of SWR, while the 
standing wave will move towards the cathode. If one starts with only 
a slight mismatch at the potential minimum (by proper choice of the 
beam current density, as indicated by Equation (D), SWRVs almost 
down to unity can be attained readily in a gun of the type pictured, 
and adequate adjustability is achievable. Near-unity SWR's can be 
attained because the mismatch in all parts of the gun is kept small. 
In the first region this is done by applying potentials corresponding 
to quasi-divergent flow, and in the subsequent regions, by producing 
not too steep an exponential transformation. Flexibility results from 
the division of the gun into several separate regions. The fact that 
the 2 quantities of importance (noise current SWR and position of 
the noise current minima) are not adjusted independently by the 
electrode voltages presents little practical difficulty. Best operation 
is usually obtained with anode voltages not far from those giving a 
smooth exponential impedance variation. 

This theory has demonstrated the advantages of multi-region guns 
for low-noise beam-type microwave amplifiers. This superiority is 
partly due to the advantages of exponential space-charge wave trans- 
formation. The advantages of multi-region guns are their ability to 
operate without sharp potential discontinuities, thereby avoiding lens 
effects; their flexibility, which permits electrical compensation for 
imperfections in tube construction; and their mechanical simplicity. 

Measurements and Performance oe a Three-Region Gun 

The validity of the qualitative theory and its conclusions presented 
above on the performance of multi-region low-noise guns has been 
substantiated by a comprehensive set of noise current measurements 
performed with a standard type of three-region low-noise gun. The 
dimensions of this gun are shown in Figure 4. The measurements 
consist of recordings of noise current versus distance along the beam 
in a drift space following the third anode of the gun. (The noise 
current was measured automatically by means of a receiver described 
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in another paper. 7 The first- and second-anocle potentials V aX and V a2 
were systematically varied from one recording to the other. The 
potential of the beam-forming electrode was readjusted for each record- 
ing such as to maintain the beam current constant. The beam current, 
the potential of the drift space following the gun, and the focusing 
magnetic field were kept constant throughout the entire set of measure- 
ments. The third-anode potential V a3 also remained unchanged and 
equal to the drift-space potential. 

The quantities of interest in these measurements are 

1. The noise current SWR, 



CATHODE ELECTRODE 



1 — I st ANODE 



2nd ANODE 



3rd. ANODE 




1st. REGION 
2nd. REGION 



3rd. REGION 



ELECTRODE THICKNESS : 5 MILS 

Fig. 4 — Three-region low-noise gun. 



2. The position of the noise current minima, 

3. The noisiness of the beam. 

As a consequence of higher-order space-charge wave modes,* the suc- 
cessive minima or maxima of noise current in the drift space following 
the gun are not all equal. In order to obtain a consistent representation 
of gun performance, the noise current SWR was measured at the 
first pair of noise current extrema occurring on this recording as one 
moved away from the reference plane z = 0 (noise-measuring cavity 
closest to the gun) towards the collector. Two facts make this pro- 
cedure legitimate: 



7 W. R. Beam and R. C. Knechtli, "An Automatic Beam Noise Current 
and Noise Figure Measuring System for Traveling-Wave Tubes," to be 
published. 

8 W. R. Beam and S. Bloom, "Minimum Noise Figure of a Traveling- 
Wave Tube, Including Higher Space Charge Wave Modes," to be published. 
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1. The noisiness computed by means of these two first extrema 
was found constant and within about 1 decibel of the first-order theo- 
retical value, for all recordings. 

2. From a practical standpoint, interest is in the SWR in the 
region where the helix input would be located in a normal traveling- 
wave tube; this is the vicinity of the reference plane z = 0, for our 
case. 

The position of the noise current minima for all recordings is 
referred to the same fixed plane z = 0. This plane is located 1.7 inches 
from the third anode of the gun. 

The results of these measurements are shown on the Smith chart 
of Figure 5. On this diagram, the reference plane z — 0 corresponds to 
the line from the center to the point R. The radial coordinate is a 
measure of the noise current SWR; the angular coordinate specifies 
the distance in plasma wavelengths from the reference plane to the 
first noise current minimum. Dashed lines correspond to constant 
first-anode potential, solid lines to constant second-anode potential. 

These measurements bear out the following facts of significance: 

1. By decreasing any of the anode potentials, the noise current 
minima move towards the cathode. 

2. The minimum SWR is obtained with the lowest first-anode 
potential (F ol ~50 volts) and with an approximately linear increase 
of potential from first to last anode, the d-c cathode current density 
corresponding in first approximation to near match. 

The first fact verifies the theory concerning the effect of the 
average gun potential on the position of the noise current minima. 
The second fact verifies the theoretical prediction that low SWR is 
obtained when one starts with near match at the potential minimum, 
keeping the first-anode potential at a low value (quasi-divergent flow) 
to prevent appreciable mismatch within the first region, and proceed- 
ing from there to the helix with a smooth, gradual and approximately 
exponential space-charge wave transformation. As shown above, ex- 
ponential transformation corresponds to nearly linear d-c potential in- 
crease along the beam. Thus, the smoothest transformation (minimum 
mismatch) should be obtained when the second anode has a potential 
producing such a linear potential distribution between first and third 
anodes: the second and third regions of the gun then transform with 
the same "steepness" (same factor k) resulting in the minimum mis- 
match. It is remarkable to observe that the second-anode potential, 
V a2 — 215 volts, for which minimum SWR is obtained (see Figure 5) 
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corresponds closely to this condition. It is also remarkable that de- 
parture from this condition either by decreasing or increasing the 
second-anode potential, V atl , increases the noise current SWR, as pre- 
dicted by the theory. Finally, the low first anode potential, V n] — 50 
volts, at which (together with V, 7l » = 275 volts) the minimum SWR has 



0.25 




Fig. 5 — Measurement of performance of three-region gun. 



been obtained actually corresponds to quasi-divergent flow; in fact, 
V al — 50 volts corresponds to approximately half the first-anode poten- 
tial required for parallel flow with the electrode spacings and beam 
current density used in the experiment. 

The measurements described have satisfactorily substantiated the 
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theory of space-charge wave transformation in a multi-region low- 
noise gun. A further conclusion obtained by inspection of Figure 5 
is that the three-region gun used in these measurements is quite 
flexible in adjustment. This means that noise current SWR and posi- 
tion of the noise current minima can be varied over an adequately 
wide range by simple changes of electrode potentials. 

Design of Multi-Region Guns 

The information obtained thus far can be applied to a design pro- 
cedure for low-noise guns of the type shown in Figure 2. Assuming 
that the helix potential and the beam diameter have been determined, 
the other gun parameters can be selected as follows: 

1. Cathode current density. Its value is determined approximately 
by the requirement of near match at the potential minimum. This 
requirement, together with the condition of quasi-divergent flow, is 
aimed at keeping the noise current standing wave ratio at the first- 
anode reasonably small. 

Once approximate match at the potential minimum is specified, 
the order of magnitude of the cathode current density is determined 
by Equation (1), when solved for the d-c beam current density i 0 . 

Practically speaking, the requirements of cathode life and uni- 
formity of emission may compel use of a smaller cathode current density 
than the value given by this equation. Empirical data show that quite 
low noise figures have been obtained with cathode current densities 
corresponding to a normalized impedance r a as large as 2, while match 
requires r a =l, 

2. The number of regions or anodes is theoretically specified by 
the requirement that both the SWR and the position of the noise- 
current minima in the helix-input region should be adjustable by 
means of the anode potentials. This requires a minimum of two 
independent anodes, not including the helix. Empirically, it has been 
found that two, or not more than three independent anodes provide 
sufficient versatility. More than three regions may be useful for the 
simultaneous optimization 8 of more than one space-charge wave mode. 

3. The cathode- first anode spacing should theoretically be as small 
as possible. Since the k in this region may be higher than elsewhere, 
this region should be short. In addition, keeping the first-anode 
potential low, gives greater latitude for the adjustment of the other 
anode potentials, and results in more flexibility. 

The lower limit to this spacing is set by the field penetration from 
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the second anode through the first-anode aperture into the cathode 
region. A spacing equal to the diameter of the first-anode aperture has 
been found adequate. 

Jt. The total gun length is theoretically determined by two con- 
tradictory requirements: 

a. It should be long, for flexibility. 

b. It should be short, to minimize the importance of possible 
growth of noise with distance away from the cathode.* 

A compromise for the distance I between first and last (helix) 
anodes has been found empirically. It corresponds to an average factor 
k of exponential increase of the characteristic beam impedance ap- 
proximately equal to unity. The relation between I and k avg is given 
below. This does not include the length of a possible drift space between 
the gun and the helix-input. 

W 2 

log 

W ± 

1 = , 

d(/> 2tt 

dz A p 

I ~ distance between first and last anodes, 
Wi = characteristic beam impedance at first-anode potential, 
W 2 — characteristic beam impedance at last-anode potential. 
Empirical condition: k avg — l. 

5. The anode spacings themselves are chosen to be approximately 
equal. This is justified by the fact that the potential distribution 
between first and last anodes for exponential transformation is ap- 
proximately linear. Because the plasma wavelength increases with 
potential and the potential increases with distance from the cathode, 
more flexibility could possibly be gained by making the first-to-second- 



*This effect is not actual noise amplification. It is caused by the 
contribution of higher-order space-charge wave modes of noise current 
to the total noise figure of the traveling-wave tube. The precise condi- 
tions of optimization of higher-order modes have been derived by Beam and 
Bloom. 8 Practically, simultaneous optimization of the two first modes is 
probably obtained for an optimum gun length such that the total phase angle 
from potential minimum to helix input differs by approximately tt radians 
between the first- and second-order modes. 
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anode spacing shorter than the second-to-third-anode spacing. It has 
been found empirically that a nrst-to-second-anode spacing between 
80 and 100 per cent of the second-to-third-anode spacing gives satis- 
factory performance. 

6. The diameter of the anode apertures is a compromise between 
two theoretical requirements: 

a. They should be large, to minimize electrostatic lens effects 0 and 
mechanical imperfections. 

b. They should be small enough to prevent excessive field penetra- 
tion from one region to the other, which would reduce the adjust- 
ability of the gun. 

Empirically, aperture diameters equalling two to three times the 
cathode diameter have been found adequate. 

7. The first-anode potential should, for initially divergent flow, 
be smaller than the value corresponding to perfect parallel now. Em- 
pirical values 20 to 50 per cent below the parallel-flow value have been 
found suitable. 

8. The potentials of the other anodes cannot be predicted easily or 
accurately. A linear increase of potential with distance will minimize 
the undesirable electrostatic lens effects. 6 Practically, the potentials 
are adjusted to produce minimum noise figure in the tube. This ad- 
justment, as weli as the choice of the helix position, is an experimental, 
but straightforward, process. 

Conclusions 

1. The operation of multi-region guns has been explained, based 
on an exponential transformation of space-charge waves. This explana- 
tion has been substantiated by experiments employing a three-region 
gun. 

2. It has been shown that multi-region guns offer several ad- 
vantages, namely, their ability to operate without sharp potential 
discontinuities, their flexibility, and their mechanical simplicity. 

3. A design procedure for low-noise multi-region guns has been 
established. This design procedure is based on the present understand- 
ing of the operation of these guns, and on the results of noise measure- 
ments. Empirical data obtained from various experimental low noise 
tubes has been used where it was required to define the design para- 
meters more precisely. 
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Summary— The performance of standard image orthicons at lotv light 
levels is limited by noise and time lag. It is shown that signal-to-noise 
ratio is a direct function, and time lag an inverse function, of the beam 
modulation, i.e., the ratio of signal current to beam current. It is also 
shown that the beam modulation may be increased by an increase in the 
spacing between the glass target and mesh screen. 

An image orthicon incorporating relatively large target-to-mesh spacing 
has been designed. In this tube, which is usable at light levels as lotv as 
10 } > foot-lamb ert, noise and time lag have been substantially reduced by 
the use of a target-to-mesh-screen spacing of 0.150 inch. 

Introduction 

"~r~^ xperiments conducted by several investigators during the last 
W few years have shown that television pickup systems are inner- 
^ ^ ently capable of higher sensitivity than even the best dark- 
adapted human eye. It has been shown by Strum and Morgan 1 that at 
the light levels encountered in roentgenoscopy (10 -4 to 10~ 2 foot-lam- 
bert) the resolving capability of the eye becomes a small fraction of 
that at normal light levels (10 to 100 f oot-lamberts) . A standard 5820 
image orthicon used with lens systems of f = 0.85 to f — 1.3 was able to 
reproduce scenes having brightness ranging from 10~ 2 to 10 -3 foot- 
lambert with more information than could be derived from the same 
scenes by a dark-adapted eye. 
i It is highly desirable that the usefulness of television pickup 

systems be extended to light levels as low as 10 _4 foot-lambert. At 
these low light levels, however, noise and time lag become very objec- 
tionable. Camera tubes other than the image orthicon have fixed noise 
levels which do not decrease when the tubes are operated at low light 
levels. The noise of a properly operated image orthicon, on the other 
hand, decreases with the square root of the highlight level. Conse- 
f quently, of all known television pickup tubes, only the image orthicon 



1 Ralph E. Strum and Russel H. Morgan, "Screen Intensification 
Systems and Their Limitations/' American Journal of Roentgenology and 
Radium Therapy, Vol. LXII, No. 5, November, 1949. 
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inherently possesses sufficient over-all sensitivity for use at very low 
light levels. 

The signal-to-noise ratio, S, 'N, of an image orthicon is given by 
the expression 



where K is a constant, i s is the signal current at the target, and M is 
the "beam modulation/' which will be defined later. The noise, N, is 
given by 



where K 1 is a constant. 

If M were constant, the noise would decrease with the square root 
of the signal current. However, M decreases with the signal current, 
and at low light levels becomes very small. The resulting curves of 
noise and signal as a function of illumination are shown on an arbitrary 
scale on Figure 1. 

The new tube was designed to provide the highest possible M at 
low light levels to improve the signal-to-noise ratio and decrease the 
time lag. It was found that M could be increased by an increase in 
the target-to-mesh spacing. Although the new tube is extremely useful 
for applications involving very low light levels, it is not well suited for 
use at the light levels normally encountered in television broadcast 
service. 



The new tube differs from the standard image orthicon only in 
the use of a greater spacing between the glass target and the target 
mesh screen. Its method of operation, which is identical with that of 
a standard tube, 2 will be briefly summarized with emphasis on the 
charge-discharge cycle of the target because an understanding of this 
cycle is essential for understanding of low-light-level operation. 

All image orthicons, regardless of their target spacing or other 
characteristics, employ photosensitive surfaces of the photoemissive 
type, targets which operate as storage elements, and low-velocity scan- 



2 A. Rose, P. K. Weimer, and H. B. Law, "The Image Orthicon - — A 
Sensitive Television Pickup Tube/' Proc. I.R.E., Vol. 34, p. 424, July, 1940. 
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Fig. 1 — Noise characteristics of image orthicon. 



ning beams. These terms will be clarified by reference to Figure 2, 
which is a schematic drawing of the image orthicon from which all 
parts not pertinent to the present discussion have been omitted. 

A real image of the object (0) to be televised is projected by means 
of the lens (L) upon the semitransparent photocathode {PC) formed 
on the inner surface of the glass faceplate (F). Illuminated areas of 
the photocathode emit electrons (hereafter referred to as "photoelec- 
trons"). The number of photoelectrons emitted at any point of the 
photocathode is proportional to the intensity of the illumination at that 
point. 

These photoelectrons are electrostatically accelerated and electro- 
magnetically focused on the target-mesh assembly. This assembly 
consists of a very thin glass target (a) and a metal mesh screen (b) 
which is located between the target and the photocathode at a distance 
8 from the target. The photocathode is maintained at a negative 
potential of about 400 to 500 volts, and the mesh screen (b) at a 
positive potential of about 0 to 2 volts, with respect to the grounded 
thermionic cathode (C) of the gun. Consequently, the photoelectrons 
(current i x ) strike the glass target with an energy of 400 to 500 




o 
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electron-volts, displacing secondaries from the glass (current u) in 
the ratio of 4 to 5 secondary electrons for each photoelectron. These 
secondary electrons are collected by the mesh screen (b). The glass 
target (a) is scanned on the gun side (opposite the photocathode) by 
the scanning beam (current i b ) . Because the target assembly is only 
slightly positive with respect to the gun cathode, the scanning-beam 
electrons land on the glass target with a very low axial component of 
velocity. During the short time that the scanning beam dwells on an 
elemental area of the glass target, it drives the area to a potential 
determined by the axial velocity distribution of the beam electrons. 
Because the number of photoelectrons which land on the target element 
during this very short time is negligible, this potential is called the 
"dark potential" (V d ). It has a value of approximately —0.25 volt. 
The mesh (b) is held at a positive potential of 2 volts (plus the 
algebraic sum of all the contact potentials encountered between the 
gun cathode and the mesh screen) with respect to the dark potential. 
Consequently, the glass target and the mesh form a parallel-plate 
capacitor which is charged by the beam to a potential of approximately 
two volts, the glass target being the negative electrode. Photoelectrons 
striking the target during a frame time change the potential of this 
capacitor by an amount V s (called the "potential swing"). The scan- 
ning beam (?*,,), therefore, deposits on the target a signal current, i 9 , 
given by 

— i, — i A . (1) 

The beam returning to the gun, i n is given by 

i r = i b — i r (2) 

This return beam is intensity- (amplitude-) modulated by the signal 
current, i s . The return beam strikes the grid (G) and displaces 
secondaries from its surface. The current i m represented by these 
secondaries is directed into the ring-shaped electrostatic multiplier 
(M), where it is amplified 300 to 1,000 times. The amplified current, 
£ r , represents the video output signal of the tube and is applied to 
the video pre-amplifier. 

Signal-to-Noise Ratio as a Function of Beam Modulation 

It is apparent from the preceding discussion that the video signal 
is carried by the beam returning from the target. Because the useful 
video signal, i st at the target is subtracted from the scanning beam, 
i bf the video output signal, i v , is negative (i.e., maximum signal 
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represents black and minimum signal white). The shot noise carried 
by the return beam into the multiplier, however, increases with the 
return beam current. Consequently, the signal-to-noise ratio of the 
image orthicon increases with the ratio M = iji b = signal current 
developed at the target /scanning-beam current. 

The ratio M is called the "beam modulation" of the image orthicon. 
The signal-to-noise ratio can be described in terms of M as follows: 




(3) 



where e is the charge of the electron and B is the bandwidth of the 
video amplifier. 

At low light levels, the maximum value of the signal currant, ?*,, 
is fixed by the amount of light available. The signal-to-noise ratio at 
these light levels can, therefore, be improved only by an increase in 
the beam modulation, M. 

Time Lag As a Function of Beam Modulation 

It can be shown that the beam modulation, M f is a function of the 
potential swing, V 8 , of the target during its charge-discharge cycle. 
The function M = / (FJ has the general appearance shown in Figure 
3. For small values of V st such as those developed at low light levels, 
this curve is strongly concave towards the positive direction of the 
M-axis. 

The potential swing, V Hf is proportional to the illumination, and 
the charge stored on the target in one frame time decreases linearly 
with F,. Because of the curvature of the characteristic M = f(V), 
however, the modulation, M, decreases much faster than the value of 
the stored charge. Consequently, at very low light levels the scanning 
beam cannot discharge the picture in one frame time. Unless special 
measures (such as those described in this paper) are taken, several 
frame times may be required for complete discharge of the picture, 
and an image of a televised object will persist for some time after the 
object has been removed. This effect, which may become very objec- 
tionable at low light levels, is called "time lag." 

Design of Image Orthicon for Operation at 
Low Light Levels 

The beam modulation, M, increases with the potential swing, F s „ 
to which the target is charged by the photoelectrons during its charge- 
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discharge cycle in each frame time. This relationship is given by the 
following equations: 



For V s ^ V d (V (i = dark potential) 

A/ = t -n.or,r d 

( € = 2.718-") 

'5 



'11.05F,— (1 — £ -n-05r f ) 




2 aio 



nO.05 




For V s > V d 



0.1 0.2 
TARGET POTENTIAL (V s )- VOLTS 

Fig. 3 — Beam modulation characteristic. 



M 



where A is a constant given by 
A = V f} 



1 — c-n.osr, 



11.057 fi —l fr 



The value of the function M = /(7,) is shown in Figure 3 for V (} 
= —0.25 volt. 

It is seen that M increases when I 7 ,, increases. These equations 
have been derived for an "ideal" beam having a rectangular cross 
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section and uniform current-density distribution. In practical tubes, 
the beam has a circular cross section and its current density decreases 
from its axis outward. As a result, the absolute magnitude of M for 
a given V s is smaller in practical tubes than in the ideal case, but the 
general form of the curve M = f(V„) is similar to that shown in 
Figure 3. To increase M it is necessary to increase V 8 . It is shown 
below that F s can be increased by an increase in the spacing between 
the glass target and the mesh. The new tube was, therefore, designed 
to have a very large target-to-mesh-screen spacing. 

Effect of Target Capacitance 

It has been shown that signal-to-noise ratio and time lag can be 
improved by increasing the potential swing, V Ht of the target during 
its charge-discharge cycle. 

For a given target capacitance, C, the potential swing is 

Q 

V. = — . (4) 
C 

For a given illumination and photocathode sensitivity, the electric 
charge, Q, stored by the target during one frame time is perfectly 
defined and cannot be changed. Consequently, if V 9 is to be as large 
as possible for a given Q (corresponding to a given light level of the 
scene), the target capacitance, C, must be decreased. 

If we consider the target-mesh assembly as a parallel-plate capacitor 
having as plates the glass target (a) and mesh (b) spaced at a distance 
5 (Figure 2), then C can apparently be decreased and V s increased 
by increasing 3. 

However, Rose, Weimer, and Law 2 have shown that this assumption 
is not correct insofar as the target capacitance available for maximum 
charge storage is concerned. They show that the maximum stored 
charge will decrease as 8 increases only until S becomes about 1 mil. 
For values of 5 greater than 1 mil the maximum stored charge remains 
constant at a value corresponding to the total "free-space'' capacitance 
of all picture elements of the glass target. This capacitance evidently 
is not a function of S. 

Operation of the tube can be explained as follows: (a) The maxi- 
mum charge which can be stored on a picture element of the glass 
target depends on the capacitance between this element and the rest 
of the universe. Here, the "universe" is the rest of the tube, and this 
"free-element capacitance" does not depend on the target-to-mesh 
spacing unless the mesh screen is very close to the glass (1 mil or 
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less) (b). Because the potential swing of the target, V 8 , is measured 
with respect to the mesh, its value depends on the integral over the 
total mesh area of the flux of the electric field vector of the target 
picture element divided by the capacitance between this element and 
the mesh screen. V s will, therefore, depend on the target-to-mesh-screen 
spacing and will be greater when this spacing is greater. 

The simple parallel-plate capacitance relations will be valid, however, 
only if a large area of the photocathode is uniformly illuminated. If 
a pattern of alternate dark and light areas is projected on the photo- 
cathode, the relation becomes much more complicated. In such a case, 
the effective capacitance, C, will be increased by the capacitance be- 
tween the individual elements of the glass target. This inter-element 
capacitance is responsible for the "white-edge" effects in the 5820 
image orthicon at transitions from black to white areas. These effects 
are illustrated in Figure 4. In this figure, c u c 2> and c 3 represent the 
capacitances between elements of the glass target and the corresponding 
elements of the mesh screen, and C u C 2 , and C Pt the capacitances be- 
tween adjacent elements of the glass target. 

If the entire target is uniformly charged, then C 1( C 2 , and Co are 
not charged and c 1 and c 2 are charged in parallel and constitute a single 
large parallel-plate capacitor. If, however, zone I (to the left of the line 
A-B) is uniformly dark (uncharged) and zone II (to the right of A-B) 
is uniformly illuminated (charged), then points a and b on the mesh 
will have equal charges corresponding to the equal capacitances c 4 and 
c 3 . Point o, adjoining the transition from black to white, however, will 
carry a charge corresponding to the capacitance c 3 plus the capaci- 
tances c 2 and C 2 in series with each other and in parallel with c z . 
Consequently, the total charge stored at point o will correspond to a 
capacitance 

c = c 3 + . (5) 

1 + c,/C 2 

For close-spaced tubes such as the 6474/1854, c 2 = c 3 > C 2 , and the 
fractional corrective term in Equation (6) becomes insignificant. For 
a 5820 tube in which c 2 = c 3 < C 2 , the corrective term makes c > c 3 , 
and, if sufficient light is available so that operation is over the "knee" 
of the tube characteristic, a white edge appears at the transition from 
black to white. If the target-mesh spacing is increased so that c 2 « C 2 , 
then c 2 /C 2 « 1 and 

c — c-5 -1- c 2 . (6) 
Consequently, the value for the capacitance C which must be used 
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in Equation (4) can have a maximum value equal to twice the parallel- 
plate capacitance of the target assembly when a sufficiently fine raster 
of alternate black and white bars is projected on the photocathode. 
Therefore the potential swing V 8 in Equation (4) will be increased 
by increasing the target-to-mesh spacing. 



zone I 



C2 



C=C 3 h 



02 
C2 



MESH 
b SCREEN 



3 




4 



C5 



Fig. 4 — Target capacitance equivalent circuit. 



Characteristics and Applications ok the New 
Image Orthicon 

The photocathode used in the new tube is exactly the same as that 
used in the standard image orthicons, types 5820 and 6474, 1854, and 
so its spectral response is the same as that of the standard tubes. Its 
"transfer characteristic/' however, differs substantially from that of 
standard tubes, and is shown together with that of the type 5820 in 
Figure 5. This figure shows the output (signal) current of the tube 
as a function of photocathode illumination. 3 ' 4 The curves shown were 
derived from measurements made on large numbers of tubes of both 
types and represent average performance. The characteristic of the 
5820 image orthicon starts at an illumination level of approximately 
0.0001 foot-candle, which is, on the average, the lowest value at which 



3 Otto H. Schade, "Electro-Optical Characteristics of Television Sys- 
tems," RCA Review, Vol. IX, 1048. 

r 4 R.B Janes and A. A. Rotow, "Light-Transfer Characteristics of 
Image Orthicons," RCA Review, Vol. X, p. 3G4, September, 1950. 
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signal-to-noise ratio and time lag are small enough to provide a picture 
containing useful information. The characteristic of the 5820 then 
rises linearly with a gamma very close to unity until a photocathode 
illumination in the vicinity of 0.01 foot-candle is reached. At this 
illumination level, the number of photoelectrons emitted is sufficient 
to charge the target-to-mesh capacitance to the full target potential 
of 2 volts. Consequently, in this region of the characteristic (the 
"knee"), a further increase in illumination does not result in an appre- 
ciable increase in signal output current. However, as the illumination 
is further increased the inter-element capacitance of the glass target 
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ILLUMINATION ON P HOTO CAT H ODE — FOOT -CANDLES 

Fig. 5 — Transfer characteristic of image orthicon. 

becomes noticeable, as explained above, and the characteristic rises 
again and reaches a second "knee" (not shown in Figure 5). The 
target-to-mesh-screen spacing in the new tube is substantially greater 
than in the 5820; therefore, the knee in its characteristic is located 
at lower light levels and is much less pronounced than in the 5820. The 
transfer characteristic for the new tube starts at a light level approxi- 
mately one tenth of the minimum for the 5820. 

For very low light levels (B = 0.00001 to 0.00015 foot-candle on 
the photocathode), both tubes would have substantially the same signal 
output. The new tube, however, due to its higher beam modulation. 



www.americanradiohistorv.com 



IMAGE ORTHICON FOR LOW LIGHT LEVELS 



435 



has a better signal-to-noise ratio and less time lag than type 5820 at 
such low light levels. This feature extends the useful low-light-level 
range of the new tube. At the relatively high light levels currently 
used in television broadcasting (the shaded area in Figure 5), the new 
tube, because of its small target-to-mesh capacitance, cannot utilize 
the whole amount of light available, and its signal output is much lower 
than that of the 5820. Consequently, the new tube is not recommended 
for use at the light levels normally encountered in television broadcast. 
It is the only tube known, however, which is capable of transmitting 
useful information at photocathode illumination levels of less than 
0.0001 foot-candle. The source of the illumination or type of scene 
to be picked up is immaterial; the scene may be anything from the 
image of a star projected by a telescope to a scene illuminated by 
moonlight or starlight. 
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